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Summary 

A vane oscillating about a fixed point at the inlet to a two- 
dimensional 20° rearward-facing ramp proved effective in 
delaying the detachment of a turbulent boundary layer. Flow- 
field, surface static pressure, and smoke-wire flow visualiza- 
tion measurements were made. Surface pressure coefficient 
distributions revealed that two different effects occurred with 
axial distance along the ramp surface. The surface pressure 
coefficient varied as a complex function of the vane oscilla- 
tion frequency and its trailing edge displacement amplitude; 
that is, it varied as a function of the vane oscillation frequency 
throughout the entire range of frequencies covered during the 
test, but it varied over only a limited range of the trailing edge 
displacement amplitudes covered. 

The complexity of these findings prompted a detailed in- 
vestigation, the results of which revealed a combination of 
phenomena that explain qualitatively how the mechanically 
generated, periodic, sinusoidal perturbing signal produced by 
the oscillating vane reacts with the fluid flow to delay the 
detachment of a turbulent boundary layer experiencing transi- 
tory detachment. 

Introduction 

A rearward-facing ramp, like a rearward-facing step, is a 
common geometric element used in many flow devices. The 
rearward-facing ramp is particularly important because it is 
the fundamental element of diffuser designs. Diffusers, in 
turn, are components of turbopropulsion systems, wind tun- 
nels, test facilities, etc. They are a relatively simple fluid- 
mechanical device, the basic characteristics of which are still 
not clearly understood (refs. 1 through 3). Diffusers frequently 
operate to provide maximum pressure recovery, shown ex- 
perimentally to occur at conditions approaching transitory 
detachment (50 percent instantaneous backflow, ref. 4). Oper- 
ating at conditions near transitory detachment becomes par- 
ticularly critical with the occurrence of unsteady inlet flow 
conditions that may produce complete or partial detachment 
of turbulent boundary layers, thus impacting the design of the 
flow devices incorporating them and, in turn, their economics. 


In recent years studies using active control techniques indi- 
cated that introducing small perturbing signals into laminar or 
turbulent unstable boundary layers experiencing transitory 
detachment delays detachment. Though the cause and effect 
demonstration of these techniques is and has been of current 
interest, little qualitative detail of the phenomena has been 
presented. Examples of pertinent studies include those of 
Neuburger and Wygnanski (ref. 5), Katz, Nishri, and 
Wygnanski, (ref 6), and McKinzie (ref. 7). The first two are 
not specifically studies of a rearward-facing ramp or diffuser 
flow, but the third is a study of a rearward-facing ramp. All 
three, however, are studies of a shear layer experiencing de- 
tachment. The purpose of each study was to delay detachment 
by introducing into the shear layer periodic, two-dimensional 
perturbing signals. There are principal differences in the stud- 
ies of Neuburger and Wygnanski (ref. 5) and Katz, Nishri, 
and Wygnanski (ref. 6) and that of McKinzie (ref. 7). Refer- 
ence 5 considered flow passing over an airfoil at a large angle 
of attack, and reference 6 studied turbulent flow passing over 
a divergent plate connected to an axially oriented splitter plate 
located on the centerline of a mixing layer facility. In each 
case, the delay in detachment was effected by a small ribbon 
or flap that was positioned upstream of the point of detach- 
ment, fastened to the surface along its upstream edge, and 
oscillated. Reference 7 is a progress report of research initi- 
ated to study the oscillating vane’s effect on the delay in 
detachment of turbulent boundary layer flow experiencing the 
early stages of detachment while passing over a 20° rearward- 
facing ramp. This research is part of an experimental and 
numerical program at the NASA Lewis Research Center to 
study the effect of controlled perturbing signals on the natural 
flow instabilities of several types of turbulent shear layers 
with the objective of controlling them. 

The purpose of the airfoil study of Neuburger and 
Wygnanski (ref. 5) was to prove the hypothesis that the de- 
tachment of a bounded shear layer may be delayed to a higher 
angle of attack by increasing the characteristic width or scale 
of the eddies generated by the Kelvin Helmholtz instability of 
a free, separated shear layer. This change in the scale of the 
eddies, then, is the mechanism by which entrained fluid comes 
from the limited reservoir bounded by the detached shear 
layer and the solid surface of the airfoil causing the pressure 
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to decrease and the detached shear layer to bend toward the 
surface in order to provide the required balance between the 
curvature of the flow and the pressure gradient in the direction 
perpendicular to the streamlines. The use of excitation was 
intended to enhance the production of very large-scale eddies. 
Flow visualization, surface pressure measurements, and wake 
surveys to determine the drag coefficients were made for two 
airfoils in this investigation. The study showed that the delay 
in detachment and the enhancement of the maximum lift 
coefficient Cl max for both airfoils depended on the geometry 
of the airfoil, the Reynolds number, the location of the vibrat- 
ing ribbon used to excite the Kelvin Helmholtz instabilities, 
and the frequency and amplitude of the imposed oscillation. 
Proof of the hypothesis was inferred by the pressure coeffi- 
cient and flow visualization data presented. 

Katz, Nishri, and Wygnanski (ref. 6) proposed the same 
mechanism as that of Neuburger and Wygnanski (ref. 5). The 
study was undertaken to further test the concept of this mecha- 
nism and the feasibility of using it to delay detachment of a 
bounded shear layer. A flat plate was positioned at a divergent 
angle of 18° to a splitter plate that was axially located in a 
mixing layer facility. The flat plate intersected the splitter 
plate a small distance upstream of the splitter plate trailing 
end. Attached to this overhanging segment was a small flap, 
which was hinged to the end of the splitter plate in a manner 
such that it could be oscillated. The displacement amplitude 
of the flap was small, on the order of ±1 mm, and produced a 
maximum divergence angle of approximately 6°. When the 
flap was not in motion, the local static pressure gradient 
required to maintain flow attachment was not attained and the 
boundary layer detached. The detached, unexcited shear layer 
flow was shown to be the same as that of a classical mixing 
layer. As such, it was reasoned, it should be possible to excite 
the shear layer as free mixing layers are excited. To test this 
hypothesis, the flap located at the end of the splitter plate was 
oscillated at frequencies corresponding to Strouhal numbers 
(based on momentum thickness) that were less than 0.01 and 
flap displacement amplitudes that produced local turbulence 
intensities of 0.25 percent. These conditions produced reat- 
tachment of the flow downstream of the flap, which effec- 
tively resulted in a delay in detachment with values of the 
maximum pressure coefficient approaching increases of 
100 percent of the unexcited case. The study concluded that 
the introduction of harmonic, two-dimensional oscillations 
results in the delay in flow detachment and changes the pro- 
portions between the wake and wall function; it does not, 
however, alter their universal forms. 

In summary, Neuberger and Wygnanski (ref. 5) and Katz, 
Nishri, and Wygnanski (ref. 6) studied phenomena produced 
by excitating the instability waves of a free shear layer with 
periodic signals that caused it to thicken, entrain fluid, effect 
the static pressure, and finally reattach downstream of the 
detached region. This produced, in effect, a delay in detach- 
ment. In both studies one is left with the impression that the 


boundary layer detached and reattached downstream to form 
what might be described as a bubblelike flow region between. 
This description is reminiscent of the bubble that forms when 
a laminar boundary layer separates in an adverse pressure 
gradient and reattaches as a turbulent boundary layer charac- 
teristic of flow passing over a thin airfoil operating at a 
moderate lift coefficient. 

In the more recent study by McKinzie (ref. 7), a curved 
vane oscillating about a fixed point at the inlet to a two- 
dimensional 20° ramp was shown to be effective in delaying 
the detachment of a turbulent boundary layer. In reference 7 a 
limited amount of data obtained during the initial phase of this 
study was reported. The ramp was attached to an upstream 
flat plate positioned within the NASA Lewis 20- by 30-Inch 
Low-Speed Wind Tunnel. Based on preliminary data and a 
review of the literature, a qualitative explanation of the delay 
in detachment was presented in reference 7. The present study 
provides the flow-field structural detail and smoke-wire flow 
visualization data that more completely describe the delay in 
detachment. 

In the McKinzie study (ref. 7), the mechanism producing a 
delay in detachment is believed to be different from that of 
references 5 and 6; that is, the periodic perturbing signal 
produced by the action of an oscillating vane is introduced 
into the inner layer of a turbulent boundary layer experiencing 
transitory detachment. Here the boundary layer does not de- 
tach and then reattach some distance downstream with a 
bubblelike region between. Rather, the action of the vane 
effects an increase in the growth of inviscid flow instabilities 
(studied by Michalke, ref. 8) downstream, which result in the 
increased production of turbulence in the inner wall region, 
with a consequent shift in the location of the boundary layer 
detachment further downstream, thereby delaying the bound- 
ary layer detachment. 

This report has two objectives: first, to present experimen- 
tal measurements, including flow visualization data, of the 
interaction of an oscillating vane located at the entrance to a 
rearward-facing 20° ramp with a boundary layer experiencing 
the early stages of detachment; second, to explain qualita- 
tively how the mechanically generated periodic perturbing 
signal reacts with the fluid flow to ultimately effect a delay in 
the detachment of the turbulent boundary layer experiencing 
transitory detachment. 


Symbols 

a factor of order of 1 .0, eq. (A7) 

B\ constant, eq. (7) 

C constant, measure of change in di- 

mensionless velocity across 
viscous sublayer 
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Clmax 

Cph 

E 


F 

f 

J* 

H 

h 


^offset 


k 

k e 

L 

S£ 

P 

q 

R 

Re 


Re$ 


r 

S 


maximum lift coefficient 

S£/[ 1 2(p Ujt)) 

phase velocity 

Si 

surface distance measured from tan- 
gent point at intersection of model 
upstream flat plate and cylindrical 
transition section leading to ramp 

corona anemometer output voltage 
(fig. 9) 

St e 

Strouhal number based on momen- 
tum thickness,/ 6/U 

small extra rate of strain 

T 

time 

F-factor in eq. (A2), empirical exten- 
sion of j* 

U , V, W 

mean velocity components in *-, y-, 
z-directions, respectively 

frequency 

Ue 

typical velocity in direction of flow 

factor in eq. (A7), 1 + {a[e/(dU)/(dy)]} 

Ui 

ramp free-stream inlet velocity at 
5 = 0 

shape factor, 8*/0 

(C/ook 

free-stream velocity at edge of bound- 

peak-to-peak displacement measured 
at trailing edge of oscillating vane 

« T 

ary layer 

friction velocity, ky ( dU/dy ) 


gap distance between ramp surface 

u + ,y + 

wall layer nomenclature in inner wall 

and lower limit of travel of vane 


coordinates 

trailing edge 

U , V, w 

fluctuating velocity components in 

Karmon’s constant 


*-, y-, z-directions, respectively 

effective surface roughness 

u', v', w' 

fluctuating velocity components in 

surface distance from vane trailing 
edge 

U, V, w 

x-, y-, z-directions, respectively 
total velocity components in x-, y-, 

lift 

uv 

z-directions, respectively 
Reynolds shearing stress 

static pressure 

W(y/S) 

wake function 

dynamic pressure, l/2(p u£) 

X 

axial coordinate axis (fig. 1) 

radius of curvature 

y 

vertical coordinate axis perpendicu- 

Reynolds number 


lar to model surface (fig. 1) 

Reynolds number based on momen- 

ym 

model vertical coordinate axis perpen- 

tum thickness, (pf/ooO)/|Lt 


dicular to wind tunnel floor (fig. 1) 

radius 

z 

spanwise coordinate axis with origin 

surface distance referenced to point 


located on vertical plane passing 
through axial centerline of model 

12.5 cm upstream of ramp inlet where 


and tunnel 

local surface static pressure Pi is con- 
stant and equal to P\ along flat plate; 

Excited condition 

oscillating vane on model and 

length scale 


oscillating 
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Nonexcited condition oscillating vane not on model 


a 

factor of order 10, eq. (A8) 

a,A 

amplification rate wave number based 
on one-half of vorticity thickness, A 

a r 6 

amplification rate wave number based 
on momentum thickness, 6 

A 

one-half the vorticity thickness 

S 

boundary layer thickness 

S, 

viscous sublayer thickness (fig. 27) 


vorticity thickness 

<5* 

displacement thickness 

e 

turbulent kinetic energy dissipation 
rate 

e 

momentum thickness 

A 

wavelength 

K 

wavelength of maximum unstable 
disturbance 

P 

viscosity 

V 

kinematic viscosity 

n 

wake parameter 

p 

density 

<P 

phase angle difference; lag angle 

V 

stream function 

,U\ . u 

rectilinear coordinates of mean 
vorticity 

CQ x ,COy,CO z 

rectilinear coordinates of mean 
vorticity 

Subscripts: 


L 

local 

max 

maximum 

P 

hot-wire anemometer probe 


r rough wall 

s smooth wall 

T tangent 

v vane 

oo free stream; infinity 

0 reference or initial value 

1 ramp inlet external stream condition 
at 5 = 0 

Superscripts: 

+ inner wall coordinate 

total quantity 


Apparatus and Instrumentation 

Figure 1 presents a schematic diagram of the 20° rearward- 
facing ramp attached to an upstream flat plate. The model is 
shown in the NASA Lewis 20- by 30-Inch Low-Speed Wind 
Tunnel (ref. 9). The wind tunnel test section is 76 cm wide by 
50.8 cm high by 203 cm long. The tunnel is an open-loop 
design and has an inlet-to-test section contraction ratio of 1 6 
to 1. At the inlet, the flow passes through five turbulence- 
conditioning screens, through the test section, and is exhausted 
to ambient conditions by an axial flow fan. 

The model was fabricated from hardwood by using a lami- 
nation technique and has a smooth, nonlacquered surface. The 
design of the upstream flat plate included compensation for 
boundary layer growth assuming a ramp inlet velocity of 
6.6 m/sec; thus, a zero axial pressure gradient was produced 
at the inlet to the ramp. The model x and y m coordinates are 
presented in table I. A 3.8-cm-radius-of-curvature cylindrical 
transition section joined the flat plate to the 20° rearward- 
facing ramp. The model spanned the entire width of the tun- 
nel; thus, the sidewall boundary layers affected the 
experimental results. It must be pointed out that the ratio of 
the model width to height was 10 and the sidewall boundary 
layer thicknesses at the inlet to the ramp were estimated to be 
approximately 3.5 cm; therefore, it is believed that the effects 
of the sidewall boundary layers were confined to this limited 
region on either side of the ramp. The surface of the cylindri- 
cal transition section was designed to match the radius of 
curvature of a vane having a 2.54-cm chord, a 0.025-cm 
thickness, and a 73.34-cm length. The vane was positioned in 
the spanwise (z-) direction (fig. 1 ) at the crest of the ramp. It 
was attached to the surface along its upstream edge with tape 
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Oscillating 



Figure 1. — Twenty-degree rearward -facing ramp model in 20- by 30-Inch Low-Speed Wind Tunnel (z-component 
axis perpendicular to plane of sketch). All dimensions are in centimeters. 


and was sinusoidally oscillated throughout the study over a 
frequency range from 15 to 33 Hz and peak-to-peak displace- 
ment heights h from 0.089 to 0.536 cm. Several axial surface 
coordinates are presented in figure 1, including S , and L. 

The coordinate S was referenced to 12.5 cm upstream of the 
tangent point, at the inlet to the ramp; S\ was referenced to the 
inlet tangent point; and L was referenced to the trailing edge 
of the oscillating vane when it was in contact with the model 
surface {h = 0). The upstream surface distance between the 
leading edge of the vane and the tangent point where the flat 
plate intersects the cylindrical transition section at the inlet to 
the ramp was S] of -0.83 cm. The location of the vane on the 
model surface was established from preliminary tests that 
qualified the vane as an effective control device in the present 
study. 

The vane actuator mechanism, located in a hollowed out 
portion of the model, was driven by an oscillator and a preci- 
sion vibrator located beneath the tunnel. A miniature acceler- 
ometer, positioned on the driver push-rod mechanism, was 
used to measure the displacement of the vane. The displace- 
ment output signal from the accelerometer signal conditioner 
was measured with a frequency counter and an oscilloscope to 
determine the vane trailing edge frequency and displacement 
waveform, which, for all test conditions, was a smooth, sinu- 
soidal waveform. Three, small, flexible links were the final 
members in the drive train that transferred the periodic forc- 
ing function from the driver to the oscillating vane. These 
flexible links passed through small holes in the model surface 
well under the oscillating vane. The in-phase operation of the 


vane, its oscillation frequency, and displacement were cross- 
checked optically using strobe equipment. 

To insure a turbulent boundary layer at the inlet to the 
rearward-facing ramp, a 23-cm-wide by 76-cm-long strip of 
number 40 sandpaper was positioned well upstream on the 
flat plate (shown schematically in fig. 1). The Reynolds num- 
ber based on momentum thickness measured at the crest of 
the ramp was 1200 for a typical case in which the inlet 
velocity to the ramp was 6.6 m/sec. 

The ramp/flat plate model was instrumented with 17 static 
pressure taps 5.08 cm off its centerline. These taps were 
distributed axially over the inlet and ramp as indicated by the 
sketch presented in figure 2(a). One spanwise row of five 
static pressure taps was located at an S of 8.50 cm. Two of 
these taps were located 2.54 cm from the opposite sidewalls 
of the wind tunnel, two were located 20.32 cm from opposite 
sidewalls, and one was located on the model centerline. The 
static pressures were determined using a computer program 
incorporating calibration data for a single 0- to 689.5-dynes/ 
cm 2 differential pressure transducer. Each static pressure port 
on the model was sequentially read by manually actuating a 
switch that stepped a rotary valve from one port to the next. 

Flow-field and turbulent boundary layer measurements were 
made using single- and cross-hot-wire anemometry. The single- 
wire anemometer was used in conjunction with an FFT ana- 
lyzer, constant-temperature anemometry, and computer-aided 
data acquisition and data reduction instrumentation to obtain 
the probability density function, the power spectral density, 
and the turbulence intensity data. In addition, two-point, single- 
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TABLE I.— TWENTY-DEGREE REARWARD-FACING 
RAMP MODEL COORDINATES 


Axial 

coordinate, 

x, 

cm 

Model vertical 
coordinate 
perpendicular 
to wind tunnel 
floor, 

cm 

Axial 

coordinate, 

x, 

cm 

Model vertical 
coordinate 
perpendicular 
to wind tunnel 
floor, 

y m' 
cm 

0.000 

0.074 

70.485 

8.301 

2.540 

.305 

78.100 

8.235 

5.080 

.752 

85.725 

8.169 

7.620 

1.412 

93.345 

8.103 

10.160 

2.250 

100.965 

8.036 

12.700 

3.195 

108.585 

7.970 

15.240 

4.163 

116.205 

7.904 

17.780 

5.082 

123.825 

7.838 

19.050 

5.507 

131.445 

7.772 

20.320 

5.893 

139.065 

7.706 

21.590 

6.248 

141.605 

7.686 

22.860 

6.558 

144.145 

7.663 

24.130 

6.828 

146.685 

7.640 

25.400 

7.056 

149.225 

7.630 

26.670 

7.234 

151.689 

7.625 

27.940 

7.386 

154.711 

7.620 

28.575 

7.437 

157.251 

7.620 

29.210 

7.488 

159.791 

7.620 

29.688 

7.516 

162.331 

7.620 

29.845 

7.526 

162.585 

7.612 

30.480 

7.564 

162.839 

7.587 

33.020 

7.716 

163.093 

7.544 

35.560 

7.869 

163.347 

7.483 

38.100 

8.021 

163.601 

7.402 

40.640 

8.174 

163.634 

7.391 

43.180 

8.326 

164.871 

6.939 

43.815 

8.364 

167.411 

6.015 

44.450 

8.410 

169.954 

5.090 

46.990 

8.471 

172.491 

4.166 

48.260 

8.471 

173.031 

3.241 

50.880 

8.461 

177.571 

2.316 

53.340 

8.448 

180.111 

1.392 

55.880 

8.428 

182.651 

0.467 

58.420 

8.405 

183.307 

0.231 

60.960 

8.382 

183.561 

0.147 

62.865 

8.367 

183.815 

0.084 



184.069 

0.038 


hot-wire anemometry was used to obtain phase angle differ- 
ence and the coherence data. The cross-hot-wire anemometer 
was used in conjunction with a correlator ac voltmeter, true 
rms voltmeters, and computer-aided data acquisition and data 
reduction instrumentation to obtain Reynolds stress data. 

A spacial version of a high-voltage corona anemometer 
(refs. 10 and 11) was used in the transitory detached flows 
studied here to measure the probability density function from 
which flow reversal rates were determined. A corona an- 
emometer is a device that can measure the speed and direction 
of a gas by the displacement of an ion beam produced by a 
corona discharge. It is bidirectional and responds dynami- 
cally; therefore, it is especially suited to measure unsteady 


reversing flow. Data from this probe are presented as contours 
of averaged flow reversal per unit time and can be used to 
identify the several stages of unsteady detachment discussed 
by Simpson, Chew, and Shivaprasad (ref. 4). The hot-wire 
anemometer mean velocity profile and corona anemometer 
mean flow measurements were made in the y-plane passing 
through the axial centerline of the model and wind tunnel. 

Flow visualization data were obtained using the smoke- 
wire technique in conjunction with portrait-type photographic 
equipment and high-speed motion picture equipment. A 
0.002-cm-diameter Nichrome wire was located in the x, y- 
plane approximately 1 1.5 cm off the model centerline at sev- 
eral positions along its surface. Because photographic visual- 
ization records instantaneous events, this location off the model 
centerline was necessary to eliminate the remote possibility of 
capturing erroneous effects caused by the three, small, flex- 
ible links in the vane drive train, discussed above. Smoke was 
produced by using model train oil and operating the wire at a 
nominal current of 1.5 A. To produce a steady, smooth smoke 
trail from the wire, it was necessary to limit the free-stream 
ramp inlet velocity to 2.6 m/sec. Slightly above this free- 
stream velocity, the wire shed turbulent eddies that interfered 
with the effectiveness of the smoke. Thus, for the flow visual- 
ization part of this study, the free-stream inlet velocity to the 
ramp was 2.6 m/sec, whereas for the instrumented flow-field 
part, the inlet velocity was typically 6.6 m/sec. The corre- 
sponding Reynolds numbers based on momentum thickness 
and the shape factors measured at the inlet for the 6.6-m/sec 
case were 1200 and 1.38, respectively; for the 2.6-m/sec case 
they were 576 and 2.01 , respectively. These data indicate that 
the flow entering the ramp for the 6.6- and 2.6-m/sec cases 
was turbulent and transitional, respectively. The question natu- 
rally arises as to whether the phenomena photographically 
observed and the phenomena deduced from hot-wire meas- 
urements in this study are similar. The following comments 
are offered in reply. Admittedly, there are differences be- 
tween transitional and turbulent boundary layer flows, par- 
ticularly in the case of attached flow passing over a flat 
plate; however, in the present study a condition imposed on 
the experiment required that the flow entering the model ramp 
experience the early stages of detachment from the ramp 
surface. The 20° angle of the rearward-facing ramp used in 
the experiment produced this condition. This requirement was 
imposed to permit the evaluation of an oscillating vane as an 
effective device for delaying the detachment of a turbulent 
boundary layer. As either the transitional or the turbulent flow 
approaches the entrance to a 20° rearward-facing ramp, the 
velocity profile develops an inflection point as the flow lifts 
up off the surface during the early stages of detachment. This 
velocity profile in an inviscid fluid is unstable to small distur- 
bances. This condition exists for either the transitional or the 
turbulent boundary layer at the entrance to the 20° rearward- 
facing ramp. It is into these unstable velocity profiles that the 
two-dimensional spanwise disturbances produced by the os- 
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Figure 2.— Surface pressure coefficient distribution on model, (a) Axial distribution for excited and nonexcited cases; 
inlet velocity, t/-|, 2.6 m/sec. (b) Spanwise distribution for excited case at surface distance S of 8.5 cm; inlet velocity, 
U- j, 2.6 m/sec; excitation frequency, f, 24 Hz; vane peak-to-peak displacement, h, 0.48 cm. (c) Spanwise distribution 
for nonexcited case at surface distance S of 8.5 cm; inlet velocity, l/-j, 10.45 m/sec. 
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cillating vane are introduced. Therefore, the present study is 
concerned with the dynamic interaction between the periodic 
disturbances shed by the oscillating vane and their inviscid 
interaction with the inflectional velocity profiles of the de- 
taching boundary layers. Therefore, in this sense there is 
similarity in the flow phenomena revealed in the flow visual- 
ization study conducted at a ramp inlet flow velocity of 
2.6 m/sec and the instrumented flow-field study at an inlet 
flow velocity of 6.6 m/sec. Portrait photographs, 10.16 by 
12.7 cm, were obtained with a camera instrumented with an 
electronically synchronized shutter/strobe light source. Sixteen- 
millimeter motion picture data at 400 frames per second were 
obtained using a high-powered, continuous light source. Se- 
lected sequences of motion picture data were rephotographed 
on 35-mm film for inclusion herein. 


Results and Discussion 

Pressure Recovery 

Typical surface pressure coefficient data, referenced to the 
inlet condition to the ramp, are presented in figures 2 and 3 as 
a function of surface distance 5, which is referenced to a point 
12.5 cm upstream of the ramp inlet where the local surface 
static pressure P L is constant along the flat plate. The data 
presented in figures 2(a) and (b) were obtained for an inlet 
velocity U\ of 2.6 m/sec, which corresponds to a nominal 
Reynolds number per meter of 1.3xl0 5 . Figure 2(a) presents 
data for the nonexcited case (oscillating vane not on model) 
indicating that the boundary layer detached at the inlet to the 
ramp. Sinusoidal oscillation of the vane at a frequency / of 
24 Hz and a peak-to-peak displacement amplitude h of 
0.48 cm produced a large reduction of the pressure coefficient 
at the vane location, and an equally large increase at the ramp 
exit, to almost a 100-percent recovery of the static pressure 
(ideal pressure recovery, (Pi - P\)/q\ = 0.278). Figure 2(b) 
presents the spanwise surface pressure coefficient data ob- 
tained at an S of 8.5 cm in the y,z-plane and for the same 
operating condition as that of figure 2(a). This axial location 
was 3.2 cm upstream from the vane leading edge. Note that 
the distribution of the data is not uniform in magnitude. The 
static pressure taps, used to obtain the data at z of -35.56 and 
35.56 cm, were located 2.54 cm from either sidewall of the 
wind tunnel and were also located within the sidewall bound- 
ary layers estimated to be 3.5 cm thick. Therefore, these data 
were affected by conditions within the sidewall boundary 
layers. The magnitudes of the remaining data obtained be- 
tween a z of -17.78 and 17.78 cm were relatively uniform 
over the center of the model span. The specific spanwise 
distance from the wind tunnel sidewalls affected by the flow 
conditions within the sidewall boundary layers is unknown 
because sufficient additional data were not obtained. Thus, 
the significance of the nonuniformity in the magnitudes of the 


data is not known. Perhaps one way to address this result, 
however, is to consider the same type of data distribution (at 
the same location on the model) for a case where flow passing 
over the ramp does not detach from its surface, that is, a 
completely natural flow that is not detached from the ramp 
surface. Figure 2(c) presents such data obtained at a ramp 
inlet velocity U\ of 10.45 m/sec. The spanwise surface static 
pressure distribution presented in figure 2(c) was obtained for 
this nonexcited case at an 5 of 8.5 cm. Because the flow field 
over the ramp for this case remained attached to the ramp 
surface, the surface pressure coefficient distribution shown 
represents a completely natural distribution (without excita- 
tion) for the present test model. A comparison of the spanwise 
pressure coefficient distributions of figures 2(b) and (c) indi- 
cates that they are similar with the exception that the absolute 
values of the pressure coefficients for the excited case in 
figure 2(b) are larger between a z of -17.76 and 17.76 cm. 
This similarity suggests that the sidewall boundary layers at 
the inlet to the ramp affected the spanwise surface static 
pressure coefficient distribution for both the excited and natu- 
rally attached cases in the same way. The data presented in 
figure 3 were obtained for an inlet velocity U\ of 6.6 m/sec, 
corresponding to a nominal Reynolds number per meter of 
3.5xl0 5 . Figure 3(a) presents data for the nonexcited case 
indicating that the boundary layer detachment did not occur 
over the entire ramp. This lack of complete detachment agrees 
with experimental criteria discussed by Chien (ref. 12) and 
therefore is expected. Exciting the flow at 29 Hz and an h of 
0.536 cm produced a pressure recovery of 88 percent of ideal. 
Figure 3(b) presents the spanwise pressure coefficient data 
obtained at an S of 8.5 cm in the y,z-plane and at the same 
operating conditions as those of figure 3(a). This axial loca- 
tion was 3.2 cm upstream from the vane leading edge. Note 
that the distribution of the data is not uniform in magnitude. 
The data obtained at z’s of -35.56 and 35.56 cm, like those in 
figure 2(b), are affected by flow conditions within the sidewall 
boundary layers of the wind tunnel. The data obtained be- 
tween a z of -17.78 and 17.78 cm are relatively uniform over 
the center of the model span. 

The data presented in figure 4 represent a parametric study 
of the maximum values of the static pressure recovery as a 
function of the excitation frequency /for ramp inlet velocities 
U\ of 2.6, 4.6, 6.6, and 10.5 m/sec at a constant vane displace- 
ment amplitude h of 0.318 cm. The intercepts with the ordi- 
nate for the nonexcited case (vane not on model) represent the 
condition where flow detachment from the ramp surface did 
not occur over the entire ramp. For the 2.6-m/sec case, the 
peak recovery occurred at 24 Hz; note the rolloff from the 
peak at larger oscillation frequencies. For the 4.6-, 6.6-, and 
10.5-m/sec cases, a peak was not reached because the driver- 
vibrator used in the experiment was not capable of maintain- 
ing the displacement amplitude at higher frequencies. However, 
these results show that the optimum excitation frequency 
increases in some proportional relationship with increases in 
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Figure 3. — Surface pressure coefficient distribution on model, (a) Axial distribution for excited and nonexcited cases; 
inlet velocity, U 1f 6.6 m/sec. (b) Spanwise distribution for excited case at surface distance S of 8.5 cm; inlet velocity, 
C/ 1 , 6.6 m/sec; excitation frequency, f, 29 Hz; vane peak-to-peak displacement, h, 0.536 cm. 
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Figure 4. — Maximum static pressure recovery as function 
of excitation frequency f at constant vane peak-to-peak 
displacement h of 0.31 8 cm for four inlet velocities. 


U\, which implies that the phenomenon producing the opti- 
mum delay in detachment is Strouhal number dependent. 
Based on the observation that the data are approaching the 
ideal recovery limit, the optimum frequency for the 6.6-m/sec 
case is estimated to be 33 Hz. This is close to the so-called 
most probable frequency of 29.5 Hz measured just inside the 
perturbing edge of the nonexcited shear layer for the same 
inlet velocity of 6.6 m/sec (see fig. 5). The most probable 
frequencies for the 2.6-, 4.6-, and 10.5-m/sec cases were not 
measured. The most probable frequency is that frequency that 
corresponds to the peak in the power spectrum of the un- 
forced, detached mixing layer over the ramp. These data 
represent, in dimensionless form, the power spectral decay 
determined from hot-wire measurements as a function of sur- 
face distance S\ 9 which represents the surface distance meas- 
ured from the tangent point at the intersection of the upstream 
flat plate and the ramp at its inlet. An estimate of the most 
probable frequency can be calculated using Michalke’s spa- 
tial theory of unstable disturbances (ref. 8) which predicts that 
the maximum amplification rate occurs at a Strouhal number 
of 0.017. Assuming that the maximum unstable disturbance 
of the nonexcited free shear layer for the test conditions 
considered here occurs at a Strouhal number of 0.017, the 
corresponding frequency of the disturbance was calculated to 
be 27.4 Hz. This calculation was based on the local momen- 
tum thickness measured at the same axial location along the 
model as the peak dimensionless power spectral density 
PS/(PS) max appearing in figure 5. This calculated value of the 
most probable frequency is close to the measured most prob- 
able frequency of 29.5 Hz. 


Spectral 

frequency, 

f, 

Hz 



Figure 5. — Dimensionless power spectral density decay as 
function of surface distance S-| for nonexcited case: Inlet 
velocity, L/-|, 6.6 m/sec. 


The data presented in figure 6 represent a parametric study 
of the maximum values of the static pressure recovery as a 
function of h for the inlet velocities U\ of 2.6, 6.6, and 
10.5 m/sec at a constant excitation frequency of 24 Hz. The 
intercepts with the ordinate for the nonexcited case (vane not 
on model) represent the condition where flow detachment 
from the ramp surface did not occur over the entire ramp. 
Note that the maximum pressure recovery for all three cases 
increases with increasing values of h, reaching maxima be- 
tween nominally 0.40 and 0.48 cm. Excluding the 2.6-m/sec 
case, the displacement amplitude h of about 0.40 cm repre- 
sents the maxima for the 6.6- and 10.5-m/sec cases. This 
effect might be due to a saturation phenomenon (character- 
ized by a decreasing effect with an increasing driver ampli- 
tude) that has to do with nonlinear instability mechanisms. In 
the case of jet mixing, references 13 and 14 presented experi- 
mental measurements and a theory predicting the saturation 
of jet mixing by single-frequency, plane-wave excitation, which 
may have some relevance here. 

Figure 7 presents a parametric study for the U\ of 6.6-m / 
sec case. Measurements of the surface pressure coefficient 
are presented as a function of surface distance S for five 
values of peak-to-peak displacement h at a constant excitation 
frequency/ (fig. 7(a)) and for five values of/ at a constant h 
(fig. 7(b)). At a surface location S of 15 cm, the magnitudes of 
the pressure coefficients progressively decrease, first, with 
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Figure 6. — Maximum static pressure recovery as function 
of vane peak-to-peak displacement h at constant 
excitation frequency f of 24 Hz for three inlet velocities. 


increases in h at a constant /(fig. 7(a)) and second, with an 
increasing / at a constant h (fig. 7(b)). Thus, the pressure 
coefficient at this location is clearly dependent on the motion 
of the vane trailing edge. Because the vane oscillates in har- 
monic motion according to the relationship 


y v - ~sin(27t/T) 


( 1 ) 


where T represents time, the fluctuating velocity of the vane 
trailing edge is expressed as 


dy 

Vv = ^ = nfhcos(2nfn 


The vane trailing edge rms velocity is given by 

nfh 


(v ) 

V rm s) v 


( 2 ) 


( 3 ) 


Thus, the vane trailing edge rms velocity (v^X- theoretically 
varies as a direct function of the product of the vane oscilla- 
tion frequency and its peak-to-peak displacement amplitude. 
Therefore, it can be concluded that the pressure coefficient in 
the vicinity of the vane varies as a negative function of the 
vane trailing edge rms velocity. At the location of maximum 
recovery (5 = 34 cm), the static pressure recovery varies as a 
more complex positive function of the two independent vari- 
ables, /and h\ that is, it varies as a positive function of the 
vane oscillation frequency throughout the entire range of fre- 
quencies tested but over only a limited range of the trailing 
edge displacement amplitudes covered. More specifically, from 
a point nominally 2 cm downstream of the vane trailing edge 
to the exit of the ramp, the value of the pressure coefficient is 


independent of increases in the vane displacement amplitude 
above approximately 0.318 cm, which corresponds to 70 in 
inner wall boundary layer units y + . Below this limiting ampli- 
tude, it varies as a function of both the frequency of the vane 
oscillation and its displacement. These observations suggest 
that two different responses to the operation of the vane are 
occurring. 

At this point it must be mentioned that the effective opera- 
tion of the oscillating vane was strongly dependent on the 
trailing edge closing completely down on the ramp surface. 
For example, as noted in figure 8, maintaining a constant gap 
height A/2 0 ff S et of 0.058 cm between the ramp surface and 
the lower limit of travel of the vane trailing edge and operat- 
ing at a U\ of 6.6 m/sec produced a 14-percent reduction in 
the maximum static pressure recovery in comparison with 
the case in which the vane completely closed down on the 
surface. 

From this point on, the majority of the measured flow-field 
data presented were obtained at a ramp inlet velocity U\ of 
6.6 m/sec. 


Flow Reversal Contours 

The corona anemometer probe is an instrument capable of 
measuring the local flow reversal rate. In the present tests, the 
local flow reversal rate was determined from plots of the 
probability density function versus velocity. The velocity was 
determined from a calibration of the probe output voltage. 
Figure 9 presents two separate test conditions, with and with- 
out oscillation of the vane. The excited test condition was 
forced to occur to demonstrate the variation of the probability 
function versus output voltage for two different degrees of 
flow attachment to the ramp surface. They are presented for 
the purpose of demonstration only and are not examples of 
typical data presented in any other figures of this study. The 
data were obtained at a location halfway down the length of 
the ramp in the jc, y-plane passing through the tunnel centerline 
{z = 0) and at a height of 0.127 cm above the model surface. 
This signal, in plus or minus dc volts, represents an averaged 
measure of the difference in ion current between the two low- 
voltage (target) electrodes of the probe (see fig.2 of ref.7). 
The area under the curve can be measured to determine the 
average flow reversal rate. The intercepts along the abscissa 
represent a measurement of the range of the unsteady gas 
velocity. For the nonexcited case, backflow (up the ramp) 
occurs nearly 80 percent of the time. In the event that the 
backflow occurred 100 percent of the time, the entire curve 
would lie in the negative range of the probe output voltage. 
Thus, the unsteady component of the output signal, although 
fluctuating, would always have a negative value. For the 
excited case, backflow occurs at this location for about 35 
percent of the time. Thus, the data in figure 9 show that the 
oscillating vane delayed the flow detachment and improved 
the degree of flow attachment at the location of the probe. 
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Figure 7. — Surface pressure coefficient distribution over ramp; inlet velocity, U- 1 , 6.6 m/sec. (a) Ramp surface pressure 
coefficient as function of vane peak-to-peak displacement h at constant excitation frequency f of 24 Hz. (b) Ramp surface 
pressure coefficient as function of excitation frequency f at constant vane peak-to-peak displacement h of 0.31 8 cm. 
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Figure 7. — Concluded, (b) Ramp surface pressure coefficient as function of excitation frequency f at constant vane peak- 
to-peak displacement h of 0.31 8 cm. 
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Figure 8.— Ramp surface pressure coefficient as function of gap offset height at constant excitation frequency f of 30 Hz and 
vane peak-to-peak displacement h of 0.31 8 cm; inlet velocity, U -j , 6.6 m/sec. 
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Figure 9. — Corona anemometer probe probability density 
function versus output voltage for excited and nonexcited 
cases. (Examples are for demonstration only and are not 
typical test data.) 

Figure 1 0 presents contours of flow reversal rate over the 
ramp for the nonexcited and excited cases. The inner bound- 
ary of these measurements was 0.152 cm above the ramp 
surface, well within the inner wall region of the boundary 
layer. Figure 10(a) presents the nonexcited measurements 
showing that a 100-percent reversal rate contour was mea- 
sured over a small portion of the ramp surface at a point 
nominally 2.2 cm downstream from the ramp inlet. The 50- 
percent-reversal-rate contour represents a boundary where the 
mean flow velocity is considered to be zero. Therefore, for 
contours greater than 50 percent, the mean flow is considered 
to be reversed. Note that most of the flow near the ramp 
surface is reversed. Thus, from a point nominally 2 cm down- 
stream from the ramp inlet to its exit, the mean flow may be 
considered to be in a detached state. Figure 10(b) presents the 
excited case showing that in the inner wall region the flow is 
attached with a maximum reversal rate of only 6 percent near 
the ramp exit. These data indicate that although the flow 
within the inner region of the boundary layer has an unsteady 
component of velocity, it is attached to the ramp surface at all 
times; thus, detachment, if it exists at all, has been delayed to 
a point downstream from the ramp exit. In summary, fig- 
ure 10(b) clearly shows that detachment was delayed and also 
the degree and extent of the attachment. In addition, the 
dynamic nature of the oscillating vane makes it possible to 
vary the degree of attachment. For example, in a particular 
application, it may be desirable to locally create conditions of 
only limited attachment requiring that the average flow rever- 
sal rate be controlled. Such a requirement is relatively simple 


to satisfy using this device. From an investigational point, the 
ability to control the degree of attachment and maintain it not 
only permits a rare opportunity to investigate the global cause- 
and-effect aspects of such a device as determined by varia- 
tions in the axial surface static pressure distribution but also 
provides the opportunity to investigate the more fundamental 
question of how such a particular mechanically generated 
perturbing signal reacts with the hydrodynamic flow field to 
eventually excite instability waves and generate turbulence in 
an unstable boundary layer. 

All the data discussed thus far demonstrate a cause-and- 
effect relationship between the operation of the vane and a 
delay in the detachment of the nonexcited flow passing over 
the 20° rearward-facing ramp. In addition, they indicate that 
two different responses to the operation of the vane occurred. 

To investigate these two responses in greater detail, we will 
begin with a discussion of the flow field. In an attempt to 
orient the reader to the discussion of the flow field, a sketch in 
cartoon form is presented in figure 11(a). Based on smoke- 
wire flow visualization data, the sketch portrays the formation 
of a series of complex, time-dependent structures observed to 
develop periodically, but not simultaneously, in the flow. 
These structures develop by the action of the oscillating vane 
as the flow passes over the ramp. In the sketch, the surface 
length of the ramp is separated into sections showing five 
prominent events, each of which appeared periodically only 
in that section of the ramp. For example, event 1 occurring at 
time T\ is the formation of two large-scale structures by the 
action of the vane during each cycle of its operation. One 
remains attached to the surface while the second one remains 
detached. Event 2 at T*i is the dynamic interaction between the 
two formed structures. Event 3 at T$ is the interaction of the 
detached structures with the mean flow velocity gradient pro- 
ducing a large mushroom-shaped structure. Event 4 at T 4 is 
the appearance of an axially rotating structure in the outer 
region of the boundary layer. Event 5 at T$ is the formation of 
smaller omega-shaped structures in the near wall region of the 
boundary layer. In total, these events present a very complex 
picture of the flow field. Figure 1 1(b) presents several of the 
smoke-wire photographs from which the individual depic- 
tions in figure 1 1(a) were drawn. The following discussion of 
the flow field will consider first the phenomena originating in 
the immediate vicinity of the vane and continuing along the 
ramp surface in the buffer layer and linear sublayer of the 
excited boundary layer. Second are the phenomena occurring 
downstream of the vane and above the ramp surface in the 
logarithmic-law region and outer layer of the excited bound- 
ary layer. 

Results in Vicinity of Vane and in Buffer Layer and Linear 
Sublayer of Boundary Layer 

Before discussing the details of the flow field in the vicinity 
of the vane and along the ramp surface in the buffer layer and 
linear sublayer of the excited boundary layer, the type of 
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Figure 10. — Contours of flow reversal rate for nonexcited and excited cases; inlet velocity, L/-| , 6.6 m/sec. (a) Non- 
excited case, (b) Excited case; excitation frequency, f, 30 Hz; vane peak-to-peak displacement, h , 0.31 8 cm. 
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(a) 

Figure 11 . — Periodic events produced by action of oscillating vane that delays detachment of flow passing over 20° rearward -facing ramp, (a) Oblique side 
view of five periodic events, (b) Smoke-wire photographs represented in sketches of figure 1 1 (a). 



Event 2 Event 4 

Figure 1 1 . — Concluded, (b) Smoke-wire photographs represented in sketches of figure 1 1 (a). 



boundary layer upstream of the ramp will be discussed. Fig- 
ure 12 presents the shape factor //, the momentum thickness 
0, and the Reynolds number based on momentum thickness 
Ree as a function of the model surface distance S\ (referenced 
to the ramp inlet tangent point to the cylindrical transition ^ 

section at the crest of the ramp). The boundary layer thickness ^ 

8 at an S\ of -0.95 cm was 3.05 cm. In the case of a flat plate, ^ 

the shape factor is known to decrease from 2.6 in the laminar ^ 

regime to 1.4 in the turbulent regime and to rise to 1.8 at •§ 

detachment. In addition, the Reynolds number based on mo- *2 

mentum thickness for a turbulent boundary layer should be g- 

greater than 1000. The data presented in figure 12, measured ^ 

well upstream of the ramp inlet at an S \ of -48 cm, indicate 
that the shape factor for the nonexcited case was 1.38, while 
just upstream of where detachment occurred at an S \ of 
2.39 cm, it rose to 1.79. These data and the measured value of 
Reg greater than 1000 indicate that the boundary layer up- 
stream of the ramp inlet was turbulent. For the excited case, 
note that the shape factor rose from a nominal value of 1.35 at 
an S\ of -0.94 cm to 2.66 at an S\ of 18.9 cm near the ramp 
exit. For an attached turbulent boundary layer, the latter value 
of the shape factor is very high and suggests that some ex- 
traordinary phenomena are occurring at this location near the 
ramp surface. 

Hot-wire data . — Figures 13 and 14 present single-hot-wire 
mean flow boundary layer velocity profiles in the x,y-plane 
passing through the model spanwise centerline (z = 0) at two 
axial locations for both nonexcited and excited conditions. 
Figures 13 and 14 present data 0.16 cm upstream of the vane 
leading edge (5 of 1 1 .52 cm) and at L of 0.48 cm downstream 
of the vane trailing edge, respectively. A comparison of the 
curves in each figure indicates that an increase in the mean 
velocity occurred with excitation and a decrease in the 
nonexcited case, implying in the excited case that the flow is 
being accelerated as it changes direction along the curved 
surface of the ramp inlet. The velocity profiles presented in 
figure 14 are of particular interest because they were obtained 
just upstream of the point where the natural nonexcited bound- 
ary layer detached. The comparison indicates that for the 
excited case a change, in the form of a wall jet, occurred in the 
mean flow velocity profile. This represents a change in the 
spanwise component z of the vorticity and suggests the possi- 
bility that two two-dimensional vortices may be present near 
the wall. The possible presence of these two vortices is impor- 
tant for a qualitative explanation of the phenomena producing 
the delay in detachment on the rearward-facing ramp consid- 
ered herein. It must be remembered that the initial condition 
of the flow field is one in which the flow is not excited and the 
boundary layer is detached from the ramp surface at a point 
2.2 cm downstream from the ramp inlet. It is this condition 
that the oscillating vane initially affects; that is, the vane is 
periodically forming a volume of fluid containing accumu- 
lated vorticity that may or may not roll up to form a vortex. In 
either case, the periodically formed volume leaves the vicinity 





Figure 1 2. — Shape factor, momentum thickness, and 
Reynolds number versus surface distance for nonexcited 
and excited cases: inlet velocity, CZ-j , 6.6 m/sec. 
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Figure 13. — Comparison of dimensionless velocity profiles 
0.16 cm upstream of vane leading edge for nonexcited 
and excited cases; inlet velocity, U - ( , 6.6 m/sec; surface 
distance, S, 1 1 .52 cm. 

of the vane and is convected downstream. The growth and 
evolution of this periodic perturbing volume, as it interacts 
with the stability characteristics of the free shear layer, even- 
tually effects changes in the free shear layer that cause the 
location of detachment to be delayed. 

Figures 15 and 16 present profiles of the dimensionless 
turbulent kinetic energy obtained with a single hot wire 
0.16 cm upstream of the vane leading edge (5 of 11.52 cm) 
and at L of 0.48 cm downstream of the vane trailing edge, 
respectively, for both nonexcited and excited cases. A com- 
parison of the curves in figure 15 reveals that no significant 
difference exists between the nonexcited and the excited pro- 
files upstream of the vane. Figure 1 6, however, indicates that 
just downstream of the vane, not only is there a significant 
difference in magnitudes between the cases but an abrupt 
change in the kinetic energy gradient occurred within the 
lower 10 percent of the boundary layer for the excited case. 
This change and the corresponding change in the gradient of 
the turbulence intensity support the contention that vortices 
may be present at this location. The measured peak turbulence 
intensities, based on the local ffee-stream velocity for the 
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Figure 14. — Comparison of dimensionless velocity profiles 
at L of 0.48 cm downstream of vane trailing edge for non- 
excited and excited cases; inlet velocity, L/ 1f 6.6 m/sec. 


excited case, had nominal values of 24 percent. When refer- 
enced to the local mean velocity in the boundary layer, this 
value rises to nominally 46 percent, which is very high. In 
comparison, the calculated value of the vane trailing edge rms 
fluctuating velocity was 3.2 percent of the local free-stream 
velocity. Thus, between the vane trailing edge and a point 
0.48 cm downstream from it, the turbulence intensity, based 
on the local free-stream velocity, increased approximately 
sevenfold. This significant growth is a consequence of the 
nonexcited turbulent boundary layer (experiencing detach- 
ment) responding to the small amplitude of a periodic perturb- 
ing signal produced by the oscillating vane. It should be kept 
in mind that for the excited case presented in figures 13 
through 1 6, the vane was oscillated at 30 Hz, which is also the 
most probable frequency of the nonexcited case. 

Figures 17(a) and (b) present the mean flow boundary layer 
and turbulent kinetic energy profiles, respectively, for the 
excited condition at L of 1.90 cm downstream of the vane 
trailing edge. In figure 17(a) in the near wall region of the 
boundary layer, note the nearly linear variation of the velocity 
with the distance above the surface y/S. Figure 17(b) indicates 
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Figure 15. — Comparison of dimensionless turbulent kinetic 
energy profiles 0.16 cm upstream of vane leading edge 
for nonexcited and excited cases; inlet velocity, CA|, 

6.6 m/sec; surface distance, S, 1 1 .52 cm. 

that within the near wall region up to a y/8 of approximately 
0. 1 7, erratic changes in the turbulent kinetic energy are occur- 
ring in the downstream wake from the vane. Power spectral 
data presented in figure 18 measured at distances L of 0.48 
and 1.9 cm downstream of the vane trailing edge and at a 
height y of 0.152 cm above the ramp surface indicate that a 
strong, fundamental narrow-bandwidth, 30-Hz fluctuating sig- 
nal and its harmonics were present. Therefore, the turbulent 
kinetic energy profile data include periodic (but varying in 
amplitude), narrow-bandwidth fluctuations superimposed on 
an otherwise broadband spectrum. 

Figure 19 is a presentation of the Reynolds shearing stress 
profile for the excited condition at L of 1 .90 cm downstream 
of the vane. These nonsmooth data may be revealing the 
presence of the thin layers which Bradshaw (ref. 15) proposed 
to contain high-Reynolds-stress gradients and are discussed in 
appendix A. The smallest Reynolds shearing stress level is - 
0.006 in the inner wall region. The negative sign and level of 
this stress are unusual and will be discussed further. The 
absolute magnitude is considered high; however, Oster and 
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Figure 16. — Comparison of dimensionless turbulent kinetic 
energy profiles at L of 0.48 cm downstream of vane trailing 
edge for nonexcited and excited cases; inlet velocity, LZ-j, 

6.6 m/sec. 

Wygnanski (ref. 16) present experimental measurements of 
the forced excitation of two parallel streams in which shearing 
stresses approached 0.004; they consider this value high if it 
were measured in an unexcited flow. Thus, the magnitude of 
the Reynolds stresses presented in figure 19 appear to be 
reasonable. Considering the negative sign of the Reynolds 
stresses measured in the present study, reference 16 indicates 
that negative Reynolds stresses were produced in the region 
of a free shear layer flow field in which vortex pairing was 
suppressed. Reference 16 also noted that negative Reynolds 
stresses may be associated with the inclination of the large 
structures. Power spectral measurements presented in figure 
18 show a dominant narrow-bandwidth fluctuating signal at 
the vane oscillation frequency of 30 Hz. This disturbance 
signal remained dominant and persisted in the near wall re- 
gion of the flow field between the trailing edge of the vane 
and the ramp exit. At an L of 0.48 cm in figure 18(b), a broad 
distribution of turbulent kinetic energy is noted in the narrow- 
bandwidth spikes below and above 30 Hz. At an L of 1.9 cm, 
however, a distinct 15-Hz, narrow-bandwidth subharmonic is 
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Figure 17. — Dimensionless velocity and turbulent kinetic 
energy profiles at L of 1 .90 cm downstream of vane trailing 
edge for excited case; inlet velocity, U - |, 6.6 m/sec; excita- 
tion frequency, f, 30 Hz; vane peak-to-peak displacement; 
A?, 0.31 8 cm; free-stream velocity at boundary layer edge, 
6.54 m/sec; boundary layer thickness, 6, 3.57 cm. 

(a) Dimensionless velocity profile, (b) Dimensionless turbu- 
lent kinetic energy profile. 


not present, the lack of which is significant because it indi- 
cates that vortex pairing did not occur in the flow field 
(ref. 17). Thus, like reference 16, the negative Reynolds stresses 
measured in the present study were produced in a flow field in 
which vortex pairing was suppressed (ref. 17). 

Corona anemometer data . — A real-time velocity wave- 
form measured with the corona anemometer is presented in 
figure 20(a) at a height above the model surface y of 0.15 cm, 
at an L of 0.48 cm downstream from the oscillating vane, and 
at the model centerline. The data were measured simulta- 
neously with the real-time accelerometer displacement data 
presented in figure 20(b), which provides a measure of the 
oscillating vane trailing edge displacement. The accelerom- 
eter was located on the driver push-rod mechanism shown in 
figure 1 . The corona anemometer time history waveform pre- 
sented in figure 20(a) is sinusoidal and is delayed by approxi- 
mately 90° in relation to the accelerometer trace (fig. 20(b)). 
It displays a secondary sharp peak at approximately 90° in the 
cycle after the start of the vane rise above the model surface. 
During the vane retraction, the waveform is relatively smooth. 

Probability density function data presented in figure 20(c) 
were measured downstream from the vane trailing edge at L 
of 0.48 and 1 .90 cm and at a height above the model surface y 
of 0.15 cm in the wake of the oscillating vane. These data 
show relatively low noise levels, two distinct peaks, and a 
large range in unsteady voltage, which is represented by the 
intercepts with the abscissa. The double peaks imply that 
sinusoidal disturbances are being sensed by the probe. Al- 
though not presented herein, probability density function data 
were measured for the nonexcited case, and they display only 
single peaks. The voltage ranges of the data presented in 
figure 20(c) represent maximum fluctuating flow speeds of 
approximately 53 and 62 percent of the free-stream velocity at 
locations L from the vane of 0.48 and 1.90 cm, respectively. 
Although the flow contains large fluctuations at an L of 0.48 
cm, it is moving downstream at all times. At an L of 1.90 cm, 
it again contains large fluctuations but has a reversal rate of 
approximately 4 percent. This rate means that although the 
mean motion is moving downstream at all times (zero reversal 
rate), the fluctuating component in the upstream direction is 
larger than the mean velocity downstream for approximately 
4 percent of the time; thus the flow appears to reverse 
4 percent of the time. 

Figure 21 presents data measured at a single point in space 
in the wake of the oscillating vane at a location L of 0.48 cm 
downstream from the vane trailing edge and at a height y 
0.15 cm above the model surface for ramp inlet velocities U\ 
of 0 and 6.6 m/sec. Figure 21(a) presents the measured angle 
of lag between the real-time displacement waveform of an 
accelerometer displacement signal located on the vane actua- 
tion mechanism linkage and the waveform of the real-time air 
velocity measured using the corona anemometer. Figures 21(b) 
and (c) present single-point local mean and fluctuating veloci- 
ties, respectively, measured using the corona anemometer 
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Figure 1 8. — Power spectra measured at two locations downstream of vane trailing edge and at yp of 0.1 52 cm above ramp sur- 
face; inlet velocity U - |, 6.6 m/sec. (a) Nonexcited case (vane down on surface); distance downstream of vane trailing edge, L, 
0.48 cm; power spectral density, PS, 0.089x1 0-3 volt 2 at 30 Hz. (b) Excited case; distance downstream of vane trailing edge, 
L, 0.48 cm; power spectral density, PS, 30.5x1 0~ 3 volt 2 at 30 Hz; vane peak-to-peak displacement, A?, 0.31 8 cm. (c) Excited 
case; distance downstream of vane trailing edge, L, 1 .9 cm; power spectral density, PS, 24.9x1 0 -3 volt 2 at 30 Hz; vane peak- 
to-peak displacement, A?, 0.31 8 cm. 


located at L of 0.48 cm downstream from the vane trailing 
edge and a height y of 0.15 cm above the model surface. For 
no mean inlet flow (U\ = 0), the vane induced local mean 
velocities between nominally 0.5 and 1.0 m/sec over a range 
of oscillating frequencies from 18 to 33 Hz. For the case in 
which the ramp inlet velocity was 6.6 m /sec, the mean veloc- 
ity increased to nominally 2.0 m/sec at 18 Hz and 3.0 m/sec 
for a range of frequencies from 20 to 33 Hz. The fluctuating 
component u' was 0.4 m/sec for the case of no mean 
inlet flow. For the case in which the ramp inlet velocity was 
6.6 m/sec, u ' increased to nominally 0.8 m/sec between vane 
oscillating frequencies of 20 and 30 Hz. The lag angle de- 
creased, as expected, with increasing oscillation frequency for 
both cases; however, it showed a slower rate of decrease for 
the case in which the inlet velocity was 6.6 m/sec. 


The data presented in figures 14 and 16 through 20 indicate 
that the flow in the vicinity of the vane is very complex and 
suggest that the oscillating vane is producing two spanwise 
vortices per cycle of its operation. Specifically, these data 
indicate that large unsteady flow speeds approaching 60 per- 
cent of the local free-stream value occurred at the height of 
the vane wake in the near wall region of the boundary layer. 
Power spectral data (fig. 18) measured in this same region 
show the presence of a strong, fundamental narrow-band- 
width, 30-Hz fluctuating signal and its harmonics. These mea- 
surements suggest the existence of inflection points in the 
instantaneous velocity profiles, which could act to initiate 
secondary instabilities producing turbulence in the near wall 
region. To investigate in greater detail the possibility that the 
oscillating vane is producing two vortices per cycle of its 
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Figure 19. — Reynolds shearing stress versus dimensionless 
distance above surface at L of 1 .90 cm downstream of 
vane trailing edge for excited case; inlet velocity, U- j, 

6.6 m/sec; excitation frequency, f , 30 Hz; vane peak-to- 
peak displacement, /?, 0.31 8 cm; free-stream velocity at 
boundary layer edg e^U^, 6.54 m/sec; boundary layer 

thickness, 5, 3.57 cm. 
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operation, a series of stationary photographs and 16-mm 
motion pictures were obtained using smoke-wire flow visual- 
ization techniques. 

Smoke-wire visualization data . — Figure 22 is one frame 
taken from the motion picture data with the smoke wire lo- 
cated at L of 0.32 cm downstream of the vane trailing edge 
and spanwise distance z of 1 1 .43 cm from the vertical plane 
passing through the centerline of the wind tunnel. The spanwise 
location off the model centerline was chosen to eliminate the 
remote possibility of capturing erroneous effects caused by 
the three, small, final flexible links in the vane drive train, as 
discussed earlier in the Apparatus and Instrumentation sec- 
tion. These data were obtained at a free-stream inlet velocity 
to the ramp of 2.6 m/sec with the vane oscillating at 25 Hz and 
for a vane displacement height h of 0.318 cm. The flow is 
passing from right to left, and the ramp surface is shown with 
the vane (out of focus) located at its crest. The vane has just 
reached its maximum displacement height and has started to 
retract. Notice that there are two spanwise (z-coordinate) 
vortices present. One lies on the surface, is larger, and is 
centered approximately 2.5 cm downstream from the vane 
trailing edge. The other is located approximately 0.32 cm 
above the surface and 0.5 cm downstream from the vane. The 
vortex attached to the surface may induce a secondary vortex 
because of its proximity to the surface. The detached vortex 
appears to be a regular rotating “spun-up” type, where dV/dx 
roughly equals dU/dy\ this vortex was released from the vane 
as it started to retract. The two vortices appear to be connected 
by braided vortices. The spanwise vortices were caused by the 
impulsive action of the external force applied to the vane by 
the actuator mechanism. If this impulsive force is assumed to 
uniformly affect the finite volume of gas over its surface, the 




Figure 20. — Data measured for excited case; inlet velocity, 

U- 1 , 6.6 m/sec; vane peak-to-peak displacement, /?, 

0.318 cm; excitation frequency, f, 30 Hz. (a) Corona anemo- 
meter real-time velocity waveform at L of 0.48 cm down- 
stream of vane trailing edge at height of 0.15 cm. 

(b) Accelerometer located on vane driver mechanism; real- 
time displacement, (c) Corona anemometer probability 
density function versus output voltage measured at L of 
0.48 and 1.90 cm down-stream of vane trailing edge; 
height, 0.15 cm. 
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Figure 21 . — Angle of lag, mean velocity, and fluctuating velo- 
city as functions of excitation frequency measured at L of 
0.48 cm downstream from vane trailing edge and 0.15 cm 
above model surface; inlet velocity, C/-| , 0.0 and 6.6 m/sec; 
vane peak-to-peak displacement, /?, 0.318 cm. (a) Angle of 
lag between displacement waveforms of oscillating vane 
trailing edge and local gas velocity l//_. (b) Local mean 
velocity, (c) Local fluctuating velocity. 

force per unit volume at the vane edges will decrease rapidly 
to zero, creating vorticity (ref. 18). Thus, as the load on the 
vane changed sign during its oscillation, the vane acted as an 
oscillating airfoil with the steady release of the counter- 
rotating spanwise starting and lifting line vortices. The pres- 
ence of these counter-rotating spanwise vortices was inferred 
by the abrupt change in the sign of the velocity gradient of the 
mean flow velocity profile presented in figure 14 and mea- 
sured at an L of 0.48 cm downstream of the vane. A typical 
sequence of events is shown by the motion picture frames 
presented in figure 23 and begins with the starting vortex 
appearing on the ramp surface as the vane begins to open to 


its full displacement height. The starting vortex attaches itself 
and remains attached to the wall layer as it is convected 
downstream. When the vane reaches its maximum displace- 
ment height and begins to retract, the lifting line vortex is 
released and remains detached from the surface. 

Turbulent boundary layer velocity profiles: wall-wake 
equation . — An analysis of the turbulent boundary layer ve- 
locity profiles shown in figures 14 and 17(a) was performed 
to learn more about the flow field. The profiles were mea- 
sured at L of 0.48 and 1.90 cm, respectively, downstream 
from the oscillating vane trailing edge where the flow field 
was affected by streamline curvature and the vortices intro- 
duced by the oscillating vane. Initially, it was assumed herein 
that the standard form of the law of the wall-wake equation 
applied. This form represents a simple shear layer in which 
the local-equilibrium approximation is assumed to apply in 
the inner layer but outside the viscous sublayer. The follow- 
ing brief discussion is based on the presentation by Zierke and 
Deutsch (ref. 19) and on a figure taken from Bradshaw 
(ref. 20). Figure 24 presents the wall layer nomenclature in 
inner wall coordinates u + and y + , which are slightly modified 
from reference 20. As shown, the boundary layer is composed 
of a series of regions. The region of the viscous sublayer is 
dominated by viscous shear and is self-similar for all turbu- 
lent boundary layers. It is described mathematically as 

u + =y + (4) 

where and are functions of w T , the friction velocity. 
Outside the sublayer, but still close to the wall, the velocity is 
logarithmic and described by 

u + = -lny + + C (5) 

k 

where k is Karmon’s constant and C is a constant that is a 
measure of the change in the dimensionless velocity across 
the viscous sublayer. Both constants were assumed here to be 
0.41 and 5, respectively. These equations represent the vis- 
cous sublayer and the log-law region (fig. 24) and collectively 
are called the law of the wall. Streamwise pressure gradients 
have only a small influence on this inner layer region. Out- 
ward from the inner layer, the streamwise pressure gradients 
are important and the velocity profile exhibits a wavelike 
form. An equation for the wake region, the law of the wake 
(ref. 21), includes a wavelike function and when added to the 
log-law, equation (5), is called the wall-wake equation: 

u + =-lny + + C + — wf-j) (6) 

k k \o ) 

where 77 is the wake parameter and W{y/S) is the wake func- 
tion, equal to 2sin 2 [^(y/25)]. Thus, the third term on the right- 
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Figure 22.— Single frame from motion picture sequence showing two spanwise vortices generated by 
action of oscillating vane. Inlet velocity, U- \, 2.6 m/sec; excitation frequency, f, 25 Hz; vane peak-to-peak 
displacement, b, 0.318 cm. Flow direction is from right to left over rearward-facing 20° ramp. Smoke 
wire is located at L of 0.32 cm downstream from vane trailing edge. 


hand side of equation (6) incorporates the effect of the 
stream wise pressure gradient. 

The analysis of the turbulent boundary layers presented in 
figures 25 and 26 includes a fit of the measured velocity 
profile data to the wall-wake equation using the procedure of 
Zierke and Deutsch (ref. 19). These figures present velocity 
profile data in inner wall coordinates measured at L of 0.48 
and 1 .90 cm, respectively, from the oscillating vane trailing 
edge. A least-squares fit of the raw data to the equation was 
made with u T and 77 as the variables to be determined and 8 as 
a known quantity. To optimize the fit of the measured data to 
the wall-wake equation, it is necessary to establish lower and 
upper bounds of the measured data to be used in the fit. For 
example, with reference to figure 24, the measured data that 
the analyst determines to represent the viscous sublayer is 
eliminated from the fitting procedure so that only data repre- 
senting the defect-law region of the boundary layer are used 
to make the fit. As can be noted from figures 25 and 26, this 
procedure has resulted in what appears to be a very good fit in 
the upper portion of the measured profiles, with the remain- 
der of the data appearing to make a transition to the sublayer 
at abnormally large values of y + . In addition, note that each 
set of data include two logarithmic regions separated by a 
transition region. An explanation for this is related to the 


work appearing in the text entitled Turbulence by Hinze (ref. 
22) that considers the influence of an effective roughness. 

Effect on buffer layer . — The boundary layer flow visual- 
ization photographs presented in figures 22 and 23 show that 
two spanwise vortices are produced by the oscillating vane 
during each cycle of its operation. One of these vortices 
remains attached to the ramp surface as it moves down- 
stream. Therefore, this attached vortex acts as an obstacle or 
an effective roughness to the remaining nonvortical fluid in 
the near wall region as it passes downstream along the sur- 
face. The resulting mean flow velocity profiles presented in 
figures 25 and 26 include the effects of this phenomenon and 
are analyzed with the aid of reference 22. The observation is 
made in reference 22 that a logarithmic velocity variation is 
attained at much higher values of y + in the case of an ex- 
tremely rough wall where the height of the roughness ele- 
ment k e is not very small compared with that of 8. In the case 
of the velocity profile data presented in figure 25, if it is 
assumed that the roughness element is equal to the diameter 
of the vortex attached to the ramp surface (shown in fig. 22), 
the ratio of the roughness element ( k e = 0.32 cm) to the 
boundary layer height (5 = 3.2 cm) is 0.1 . Therefore this ratio 
is not very small and satisfies the condition of an extremely 
rough wall. A second observation (ref. 22) indicates that an 
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Figure 23. — Typical smoke-wire motion picture sequence of vane oscillating at 25 Hz; vane peak-to-peak displacement, h, 0.318 cm. Flow is passing 
from right to left at inlet velocity L/i of 2.6 m/sec. Smoke wire is located at L of 0.32 cm downstream from vane trailing edge. Each frame represents a 
0.0025-sec step in time. 
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Figure 24. — Wall layer nomenclature in inner wall coordinates (fig. modified from ref. 20). 



Figure 25. — Velocity profile in inner wall coordinates at L of 0.48 cm downstream from vane trailing edge; inlet velocity, l/*|, 
6.6 m/sec; excitation frequency, f, 30 Hz; vane peak-to-peak displacement, /?, 0.318 cm. 
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Figure 26. — Velocity profile in inner wall coordinates at L of 1 .90 cm downstream from vane trailing edge; inlet velocity, l/«j, 
6.6 m/sec; excitation frequency, f, 30 Hz; vane peak-to-peak displacement, h, 0.318 cm. 


increase in the roughness produces a decrease in the height of 
the viscous sublayer <5/. This decrease occurs because rough- 
ness causes disturbances in the flow that extend the lower 
limit of the buffer layer toward the surface. Based on experi- 
mental measurements of flow through circular pipes with 
walls of uniform sand grain roughness, Rotta (ref. 23) derived 
a graphical relationship between <5/ and k e that is presented in 
figure 27. From this figure it may be concluded that for small 
values of the effective roughness parameter (m^/v, the ef- 
fect on the viscous sublayer parameter (m^S/Vv, is small but 
that for (ujk^/v > 55, a fully rough-wall condition exists with 
no effective viscous sublayer. The relationship in figure 27 
refers to a unique set of measurements that may differ for 
other types of roughness, but they indicate that there will be a 
lower value of (w^)/ v below which the wall is fluid dynami- 
cally smooth and represents the perfectly smooth-wall condi- 
tion. 

Reference 22 indicates that the results led Hama (ref. 24) to 
derive the following equation for a rough wall: 
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or expressed in inner wall coordinates 


u + r =]-lny + +C-(Uny + k +C-B, 
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Figure 27. — Effect of wall roughness on viscous sublayer 
thickness according to experiments with uniform sand 
grain roughness (from ref. 23). 
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where B\ is a constant. 

This equation indicates that the effect of the wall roughness 
is to vertically shift the velocity distribution for a smooth wall 
by the value 

where = — lny + + C. Equation (9) may be expressed in 
k 

expanded notation as 


Figure 28 from reference 22, presents data over a signifi- 
cant range of ( u^/v for several types of roughness (ref. 25). 
The data distribution indicates that AU/u T is not a universal 
function of {u^k e )lv and that for large values of (u^k e )lv the 
slope of the straight lines is equal to 1 Ik, where k is 0.41. 
However, the value of C-B\ may still differ for the various 
types of roughness. 

Figures 29 and 30 present the data initially presented in 
figures 25 and 26, respectively, in addition to curves calcu- 
lated using equation (8). Equation (8) fits these data by as- 
suming the value of the constant B\ to be 8.5 and the effective 
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Figure 28. — Effect of wall roughness on the shift A(7/u r of the velocity-distribution profile (from ref. 25). 


roughness k e to be 0.31 and 0.61 cm in figures 29 and 30, 
respectively. Note that 0.31 cm, the magnitude of the effec- 
tive roughness k e assumed in figure 29, is coincidently equal 
to the peak-to-peak displacement of the oscillating vane 
(0.318 cm) and that the vane trailing edge is located 0.48 cm 
upstream. Because the application of equation (8) to the data 
presented in figures 29 and 30 infers a possible explanation 
for the departure of the data from the wall-wake equation at 
large values of y + , the above analyses were applied to the 
remaining measured velocity profile data displaying this be- 
havior at L of 5.72 and 9.52 cm downstream from the oscillat- 
ing vane trailing edge. These data are presented in figures 31 
and 32, respectively. For the data presented in figures 29 
through 32, the effective roughness parameter (u^k^/v varied 
from approximately 63 to 111, which is assumed here to 
indicate that effectively a fully rough-wall condition existed 
over the ramp surface from the vane trailing edge to at least a 
point halfway down the ramp. Thus, the buffer layer is being 
extended toward the surface with no effective viscous layer. 

Like figure 28, figure 33 presents the measured data as a 
function of the shift of the velocity distribution AUIu r and the 
effective roughness parameter (u^k e )/v. In comparison with 
the data presented in figure 28, which represent a significant 


range of roughness types, the data obtained here align very 
closely with the data labeled Prandtl-Schlichting sand grain 
roughness. 

In summary, the measured velocity profile data presented 
in figures 29 through 32 demonstrate that at increased surface 
distance from the vane trailing edge, the wall-wake prediction 
is attained at continually larger values of y + . Finally, the 
observation can be made that the oscillating vane is acting to 
produce an effective roughness, which primarily enlarges the 
width of the buffer layer and effectively eliminates the vis- 
cous sublayer. The viscous sublayer is effectively eliminated 
because the periodically formed starting vortices and second- 
ary vortices that attach themselves to the ramp surface and 
move downstream act as obstacles or roughness to the 
remaining fluid in the near wall region of the boundary layer. 
This finding suggests an explanation for the anomaly noted in 
the previous Pressure Recovery section of this report. It was 
noted that from a point 2 cm downstream of the oscillating 
vane trailing edge to the ramp exit, increases in the local 
surface static pressure coefficient were independent of in- 
creases in the vane displacement amplitude h above 0.3 1 8 cm, 
whereas below this amplitude the local pressure coefficient 
varied as a function of both the vane oscillation frequency and 
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Figure 29. — Velocity profile in inner wall coordinates at L of 0.48 cm downstream from vane trailing edge; inlet velocity, U- 1 , 
6.6 m/sec; excitation frequency, f, 30 Hz; vane peak-to-peak displacement, /?, 0.318 cm. Influence of effective roughness 
on sublayer is shown. 



Figure 30.— Velocity profile in inner wall coordinates at L of 1 .90 cm downstream from vane trailing edge; inlet velocity, 

6.6 m/sec; excitation frequency, f, 30 Hz; vane peak-to-peak displacement, h, 0.318 cm. Influence of effective roughness 
on sublayer is shown. 



Figure 31 .—Velocity profile in inner wall coordinates at L of 5.72 cm downstream from vane trailing edge; inlet velocity, U - |, 
6.6 m/sec; excitation frequency, f, 30 Hz; vane peak-to-peak displacement, A?, 0.318 cm. Influence of effective roughness 
on sublayer is shown. 
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Figure 32 .— Velocity profile in inner wall coordinates at L of 9.52 cm downstream from vane trailing edge; inlet velocity, 1^, 
6.6 m/sec; excitation frequency, f, 30 Hz; vane peak-to-peak displacement, A?, 0.318 cm. Influence of effective roughness 
on sublayer is shown. 
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Figure 33. — Effect of oscillating vane on shift of velocity 
distribution as function of effective roughness parameter. 


its displacement amplitude. This limit in the effectiveness of 
the vane displacement amplitude may be attributed to the 
effective roughness produced by the vane action as demon- 
strated in figures 29 through 32. In these figures, an increase 
in the vane displacement amplitude h to 0.318 cm is shown to 
enlarge the width of the buffer layer and reduce the thickness 
of the viscous sublayer. More specifically, in the limiting case 
where h is 0.318 cm, the action of the vane has produced an 
effective fully rough-wall condition resulting in a reduction of 
the viscous sublayer width to zero. Thus, no further increase 
in the effective roughness of the rough-wall condition is pos- 
sible with increases in the displacement amplitude of the 
vane. In addition, the observation may be made that the regu- 
larization of the phenomena occurring in the near wall region 
of the turbulent boundary layer, effected by the periodic shed- 
ding of the starting two-dimensional vortex from the oscillat- 
ing vane and its attachment to the ramp surface, may offer 
experimentalists an opportunity to study in detail the mecha- 
nisms that occur in buffer layers. Such mechanisms are im- 
portant to the understanding of turbulent boundary layer 
attachment. 


Effect of streamline curvature . — As evident from the dis- 
cussion of the measured data thus far, the oscillating vane has 
turned the flow through a sufficiently large angle at the en- 
trance to the ramp to delay detachment there. This implies 
that the mean flow streamlines must have significant curva- 
ture, particularly in the vicinity of the ramp inlet. Figures 
34(a) and (b) present sketches drawn to scale of the model 
showing the streamlines and surface static pressure coeffi- 
cient distribution, respectively, for excited flow passing over 
the ramp. The stream function represents the integral of the 
local velocity Ui in the y-direction, which is normal to the 
surface. These data were collected from measured velocity 
profiles obtained using hot-wire instrumentation for a ramp 
inlet velocity U\ of 6.6 m/sec, a vane oscillating frequency / 
of 30 Hz, and a vane displacement height h of 0.318 cm. The 
streamlines indicate that the flow experienced significant con- 
cave and convex curvature effects. Between a point 2.5 cm 
upstream of the vane and its leading edge, these data show 
that the flow decelerated with a corresponding convex bend of 
the streamlines. Downstream from the vane trailing edge, the 
flow in the inner and midregions of the boundary layer decel- 
erated whereas the outer region underwent an undulation and 
experienced an acceleration-deceleration cycle. These data 
show the large changes in streamline curvature that were 
necessary to turn the bounded flow through 20° of deflection, 
particularly in the vicinity of the ramp inlet. The surface static 
pressure coefficient measurements presented in figure 34(b) 
indicate that the model surface contour and the action of the 
oscillating vane initially induced in the flow a modest, favor- 
able pressure gradient that increased dramatically as the vane 
trailing edge was approached. Abruptly following that, the 
flow experienced a strong adverse pressure gradient that gradu- 
ally diminished toward a constant value as the ramp exit was 
approached. At the location of the vane, two static pressure 
taps were located in the model surface under the vane. The 
magnitude of the static pressure measurements obtained from 
these taps during the vane actuation is questionable; therefore, 
the curve representing their surface static pressure coeffi- 
cients is drawn as a dashed line. 
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Figure 34.— Stream function contours and surface static pressure coefficient distribution for excited flow passing over 20° rear- 
ward-facing ramp; constant ramp inlet velocity, U* j, 6.6 m/sec; excitation frequency, f, 30 Hz; vane peak-to-peak displacement, 
hj 0.318 cm. (a) Stream function contours, (b) Surface static pressure coefficient distribution. 


In an effort to learn more about the effects of the flow 
streamline curvature on the turbulent structure of the bound- 
ary layer in the vicinity of the ramp inlet for the case of 
excited flow, there follows an application of Bradshaw’s 
(ref. 15) analysis to the measured velocity profile data. 

Bradshaw considered the effects of streamline curvature on 
turbulent flow, indicating that large effects are exerted on 
shear flow turbulence by the curvature of streamlines in the 
plane of the mean shear. He discusses a technique involving 
explicit empirical allowance for higher order parameters of 
the turbulence structure. By applying the technique to the 
turbulent boundary layer produced by flow passing over the 


inlet of a rearward-facing 20° ramp experiencing excitation, 
we have an opportunity to gain insight into the unique effects 
produced by excitation on its turbulence structure. 

As discussed in appendix A, Bradshaw (ref. 15) considered 
from a critical standpoint the standard explanation of how 
flow behaves as it passes over a curved surface; that is, 
centrifugal forces are balanced by pressure forces. He pre- 
sents a different way of thinking about this concept by postu- 
lating the existence of thin shear layers of high-Reynolds-stress 
fluid that can, if large enough, force change in the mean flow 
motion of bounded shear flows. His model then requires that 
large Reynolds stress gradients be produced to overcome the 
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Figure 35. — Comparison of Bradshaw's (ref. 1 5) analysis and measured velocity profile in inner wall coordinates at L of 0.48 cm 
downstream from vane trailing edge; inlet velocity, U^, 6.6 m/sec; excitation frequency, f, 30 Hz; vane peak-to-peak displace- 
ment, /7, 0.318 cm. 



Figure 36. — Mean vertical and axial velocity gradients as functions of height above model surface at L of 0.48 cm downstream 
from vane trailing edge. Shown are type of local shear layer and measure of flow variation from local equilibrium; inlet velocity, 
U- 1 , 6.6 m/sec; excitation frequency, f, 30 Hz; vane peak-to-peak displacement, b, 0.31 8 cm. 


large mean flow strain rates distributed over a curved surface 
required to maintain attached flow. Thus, he proposes the 
existence of thin shear layers within boundary layers in which 
strong turbulence generation can produce changes in the tur- 
bulence structure sufficient to change the mean flow velocity 
profiles. In the experiment reported here, the action of the 
vane produced attachment of an otherwise detached boundary 
layer by increasing the production of the turbulent kinetic 
energy and Reynolds shearing stresses in the inner wall re- 
gion, as shown in figures 17(b) and 19, respectively. 

Figure 35 presents a comparison of Bradshaw’s analysis 
(ref. 15), using equation (A13) from appendix A, and the 
measured velocity profile data in inner wall coordinates at 
L of 0.48 cm downstream of the vane trailing edge. The 
comparison shows good agreement, particularly in the transi- 
tion region from y + of 80 to 110. From appendix A, equat- 
ion (A13) is 


k v u u. 

where a is a factor of order 10 (eq. (A8)), e is a small extra 
rate of strain, and yo = v/«t> and C represents a measure of the 
change in the dimensionless velocity across the viscous 
sublayer. The calculations were made assuming that the value 
of the constant C in equation (A 13) was zero. Thus it was 
assumed that the viscous sublayer effectively did not exist. 
Figure 36 presents the mean vertical dUrfdy and mean axial 
e - dUJdx velocity gradients calculated from smoothed ve- 
locity profile data at L of 0.48 cm downstream from the vane 
trailing edge and from crossplots of mean axial velocity pro- 
files measured along the surface of the model, respectively. In 
the table of appendix A, these two velocity gradients are used 
by Bradshaw to classify the local shear layer of the boundary 
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layer into thin layers that are known experimentally to exhibit 
varying degrees of turbulence generation and that, in turn, can 
produce changes in the turbulence structure sufficient to change 
the mean flow velocity profile. The type of local shear layer 
shown was determined by using the order-of-magnitude crite- 
ria presented in the table of appendix A. In addition, the types 
of local shear layers and a measure of the flow variation from 
local equilibrium, expressed as a function of its linearity, are 
presented on the right- and left-hand sides, respectively, of 
figure 36. The labels “linear” and “nonlinear” are based on an 
evaluation of the linear correction factor F, which is discussed 
in appendix A and is a measure of the flow variation from 
local equilibrium. The term linear as used in figure 36 means 
that the value of the F-factor 1 + [oce/(dU/dy)] (in eq. (A8)) 
lies between 0.5 and 1.5, which represent the largest depar- 
tures from unity that can be tolerated, according to Bradshaw 
(ref. 15), and still keep the small assumed extra rate of strain e 
within 5 percent of the local mean flow rate of strain dUJdy. 
Thus, these data indicate that the analysis should be valid 
from y’s of 0.13 to 0.19 cm and from 0.254 to 1.78 cm. Note 
that the layers labeled as “fairly thin shear layer” run from y’s 
of 0.13 to 0.19 cm and from 0.245 to 0.38 cm. These layers 
are located in the same region where the detached vortex is 
located just after it is released from the oscillating vane as the 
vane starts to retract from its maximum displacement height 
of 0.318 cm. This is significant, as noted in the table of 
appendix A, because within such layers the Reynolds stress 
gradients are predicted by the analysis to be significant. Thus, 
the local generation of turbulence is large and can bring about 
a change in the turbulence structure of the shear layer. This 
then is the mechanism that causes a change in the mean flow 
motion. At L of 1 .9 cm downstream from the vane and at a 
dimensionless height y/8 above the surface of 0.09 (corre- 
sponding to y of 0.28 cm above the surface), figures 17(b) and 
19 indicate that the normal shear stress and the Reynolds 
shear stress gradients, respectively, are large. Hence, the os- 
cillating vane is creating significant local generation of turbu- 
lence, which causes a change in the turbulence structure of the 
shear layer and a consequent change in the mean flow motion. 

Effect of wall jet . — The mean velocity profile measured at 
L of 0.48 cm downstream from the vane for the excited case 
and presented in figure 14 indicates that a wall jet is located in 
the near wall region below a height of 0.05 8. An important 
aspect of this wall jet is indicated in figure 36 by the curves 
representing the mean flow velocity gradients near the wall. 
From y’s of 0.13 to 0.19 cm above the surface, a fairly thin 
shear layer is noted to exist. A dashed curve drawn below a 
height y of 0. 1 27 cm represents a hypothetical variation of the 
vertical mean flow velocity gradient in the near wall region of 
the boundary layer. This curve is hypothetical because it was 
not possible to determine the velocity gradients below 0. 1 27 
cm. However, with reference to figure 14, it is evident that for 
a y/8 below 0.02, the vertical mean flow velocity gradient 
must change sign as the mean velocity approaches zero at the 


model surface. This indicates that the sign of the velocity 
gradient near the surface must be positive, which implies that 
other fairly thin shear layers exist very close to the surface. 
The existence of such layers highlights the significance of a 
wall jet as part of the mechanism that contributes to a change 
in the mean flow motion, and in this specific case, the delay in 
detachment of an excited boundary layer. In addition, the 
existence of these layers in the very near wall region of the 
boundary layer helps to explain the observation made at the 
end of the Pressure Recovery section: it was essential for the 
vane to close completely down on the model surface to pro- 
duce the maximum static pressure recovery. 

In summary, it is proposed that the wall jet and the fully 
rough-wall condition of the mean flow velocity profiles along 
the upper half of the ramp surface are manifestations of the 
oscillating vane periodic formation of the spanwise two- 
dimensional starting vortices that attached themselves to the 
ramp surface. These vortices thereby acted as the principal 
mechanism that produced the delay in detachment of the 
turbulent boundary layer as a function of the vane oscillation 
frequency and a limited range of its displacement amplitude. 

Results Downstream From Vane and in Logarithmic-Law 
Region and Outer Layer of Boundary Layer 

In this section the discussion of the flow field will consider 
the phenomena occurring downstream of the vane and above 
the ramp surface in the log-law region and the outer layer of 
the boundary layer. As previously discussed, the phenomena 
occurring in the vicinity of the vane are very complex and 
have been only revealed through the combined use of hot 
wires and smoke-wire flow visualization techniques. The use 
of these two techniques is essential because they compliment 
each other. That is, hot wires are ideal for determining the 
statistical properties of turbulent flow; however, they are much 
less satisfactory for revealing the existence of organized flow 
structures that may vary widely in size and orientation. This, 
however, is just the information that can be obtained from 
flow visualization studies. Thus, these two techniques will 
continue to be used in the study of events occurring down- 
stream from the vane and extending to the exit from the 20° 
ramp. 

Strongly interactive events and three dimensionality . — 
Figure 37 presents a sequence of motion picture frames of 
smoke streaklines representing the evolution of what are be- 
lieved to be counter-rotating spanwise vortices produced dur- 
ing one operating cycle of the oscillating vane. The smoke 
wire is located at L of 1.90 cm downstream of the vane and 
laterally 1 1 .43 cm from the vertical plane passing through the 
centerline of the wind tunnel. The spanwise location off the 
model centerline was chosen to eliminate the remote possibil- 
ity of capturing erroneous effects caused by the three, small, 
final flexible links in the vane drive train (as discussed in the 
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Figure 37. Smoke-wire motion picture sequence of dynamic interaction between two spanwise vortices produced by oscillating vane operating at 25 Hz. Flow is 

moving from right to left; each frame represents a 0.0025-sec time step; inlet velocity, C/-,, 2.6 m/sec; vane peak-to-peak displacement, h, 0.318 cm; smoke wire 

at L of 1 .90 cm downstream from vane trailing edge. 


Apparatus and Instrumentation section). Measured from the 
smoke wire the streamwise extent of the view in each frame 
includes approximately 12 cm of the ramp surface. The se- 
quence begins with the vane approaching its maximum dis- 
placement height, continues through the retraction portion of 
its cycle where its trailing edge closes completely down on 
the ramp surface, and finally reaches its maximum displace- 
ment height again. Note that a spanwise starting vortex be- 
comes visible along the surface and remains attached to the 
wall layer as it is convected downstream. Midway through the 
cycle, a lifting line vortex is released from the vane as it starts 
to retract. The lifting line vortex is spacially located above the 
surface, remains detached, appears to dynamically interact 
with the starting vortex while being convected downstream, 
and rises up into the boundary layer during a period of 
5/400 sec. As this occurs, the smoke identifying this event is 
diluted. The axial location at which it starts to rise is between 
3 and 4 cm downstream from the vane; at this point in the 
cycle, the downstream vortex, which is attached to the wall 
layer, is located approximately 6 cm from the vane. Figure 38 
presents a series of enlarged photographs of frames from 
figure 37, beginning with the fourth frame in the second row 
from the start. These photographs show in greater detail the 
development with time of the two primary vortices. Notice 
that in figure 38(b) an induced secondary vortex develops on 
the downstream side of the originally formed starting vortex, 
which remains attached to the wall layer as it is being con- 
vected downstream. The other primary vortex, the lifting line 
vortex, is detached from the wall layer. As it rises, its trajec- 
tory tilts toward the downstream direction. The streakline 
image looks somewhat like a hairpin with legs extending into 
the wall layer. 

For the cases in which the vane trailing edge did not close 
down completely on the surface (see fig. 8), the motion pic- 
ture data obtained in this study, but not presented, reveal that 
the starting vortex did not attach to the surface of the ramp. 
Consequently, the two spanwise vortices interacted dynami- 
cally above the surface while being convected downstream 
and produced significantly lower levels of static pressure 
recovery, as noted in figure 8. 

Figures 39(a) and (b) present essentially the same sequence 
and view of the vortex evolutionary events as those in fig- 
ure 37 but include streaklines showing the evolution of the 
upper flow field. In these sequences, the smoke wire is 
located at L of 0.318 and 1.90 cm, respectively, downstream 
from the vane trailing edge, which in the case of figure 39(a) 
is closer to the vane than it was in figure 37. In both figures, 
the smoke wire is located 11.43 cm from a vertical plane 
passing through the centerline of the wind tunnel. Measured 
from the smoke wire, the view in each frame of figures 39(a) 
and (b) extends over a streamwise length of approximately 5 
and 9 cm, respectively. These figures are presented because 
figure 39(a) provides a telephoto view of the vortical interac- 
tion and 39(b) presents a broader view showing more of the 


downstream evolution of the interaction with the outer invis- 
cid flow. In figure 39(a), the sequence begins with the vane 
(over exposed) rising off the surface and proceeding to its full 
displacement height. The starting vortex develops on the wall 
layer and remains attached as it is convected along the sur- 
face. Beginning with the second row, the lifting line vortex 
(upstream vortex) is released from the vane as it starts to 
retract. Note that the streaklines well above the vortex show a 
distinct and almost immediate distention and kinking in 
response to this vortex as it rises and spacially grows while 
being convected downstream. During this process, the down- 
stream starting vortex, attached to the wall layer, develops a 
secondary vortex and has thickened. Note that the streaklines 
above and around the two vortices evolve in time (as shown in 
the third and fourth rows) and develop hairpin shapes having 
large slopes, even negative slopes, on their downstream sides. 
The sequence presented in figure 39(b) begins with the vane 
(overexposed) retracting toward the surface and the starting 
vortex just arriving at the smoke wire, which is located farther 
downstream than in figure 39(a). Beginning with the second 
row, the lifting line vortex has arrived at the smoke wire. Note 
the evolution of the streaklines above and between these two 
vortices as the vane proceeds through one complete cycle as 
shown in the third and fourth rows. A well-differentiated, V- 
shaped envelope of streaklines (pitched downstream) devel- 
ops within which small hairpin shapes appear. The sides of 
these structures have large gradients from which it can be 
inferred that locally large vertical flows are present. 

The unsteady boundary layers induced by the motion of 
two-dimensional rectilinear vortex pairs and three-dimensional 
vortex loops in an otherwise stagnant fluid above a plane wall 
were studied in reference 26. Reference 26 also discussed the 
development of the instantaneous streamwise velocity pro- 
files expected from flow fields containing such structures and 
indicates that these structures produce a region of retarded 
flow, which thickens rapidly. As upstream fluid arrives near 
these structures, it is forced to flow over and around the 
rapidly thickening zone of retarded flow. Thus, the instanta- 
neous streamwise velocity profiles in these regions would be 
expected to develop into one similar to that sketched in fig- 
ure 40(a), taken from reference 26. Figure 40(b) represents 
the instantaneous streamwise vorticity profile associated with 
the velocity profile. In this profile, a condition of zero shear is 
approached at some location above the wall. It may be in- 
ferred that as a point of zero shear develops in such a profile, 
it must be accompanied by a point of inflection in a velocity 
profile in which the streamwise velocity is everywhere posi- 
tive. Streamwise instantaneous velocity profiles of the type 
shown in figure 40(a) have been observed by Blackwelder 
and Swearingen (ref. 27) in turbulent boundary layer flows. 
Reference 26 indicates that Blackwelder (ref. 28) and Bippes 
(ref. 29) have frequently observed such velocity profiles im- 
mediately before a thickening viscous flow near a wall 
becomes strongly interactive with the outer inviscid flow (i.e., 
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Figure 38. — Enlarged views of motion picture frames presented in figure 37. Sequence starts with the fourth frame in the second row from the start and ends with the 
sixth frame in the third row. Sequence shows the dynamic interaction between the two spanwise vortices and the mean mean flow produced by the oscillating 
vane, (a to b) Induced secondary vortex starts to develop from originally formed starting vortex attached to wall layer, (b to h) Detached lifting line vortex rises into 

outer boundary layer. 









Figure 39. Smoke-wire telephoto motion picture sequence of dynamic interaction between two spanwise vortices produced by oscillating vane operating 

at 25 Hz. Evolution of steaklines in upper flow field is shown. Flow is moving from right to left; each frame represents a 0.0025-sec time step; inlet velocity, 
U-\, 2.6 m/sec; vane peak-to-peak displacement, h, 0.318 cm. (a) Smoke wire located at L of 0.318 cm downstream from vane trailing edge, (b) Smoke wire 
located at L of 1 .90 cm down stream from vane trailing edge. 
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Figure 39. — Concluded, (b) Smoke wire located at L of 1 .90 cm downstream from vane trailing edge. 





Figure 40. — Instantaneous streamwise velocity and vorticity 
profiles immediately preceding an interaction (ref. 26). 


an ejection). It is pointed out here that the sequence of flow 
field events presented in the flow visualization figures 37 
through 39 represent similar unstable, strongly interactive 
phenomena occurring between the vortical structures pro- 
duced by the oscillating vane and the outer inviscid flow, 
although no instantaneous data were measured in the present 
study to varify it. 

Figure 41 presents seven separate portrait photographs 
showing more clearly the details of the unstable, strongly 
interactive events in the boundary layer. The photographs 
were not from a motion picture sequence; they were taken as a 
random function of time and arranged in a sequence of events, 
using motion picture flow visualization data as a guide to 
provide a sense of the evolution of a typical eruptive event. 
The smoke wire is positioned at L of 1.90 cm downstream 
from the vane trailing edge and 10.70 cm laterally from a 
vertical plane passing through the centerline of the wind tun- 
nel. Figure 41(a) represents a noninteractive, or initial quies- 
cent, condition. Figure 41(b) appears to be similar to figure 
38(e) in that a finger-shaped structure is rising or erupting into 
the outer region of the boundary layer. Figures 41(c) through 
(f) present a sequence showing the growth and convection of 
a T-shaped vortical structure that appears to be anchored to 
the inner wall layer and evolves into a mushroom and/or a 
sigma-shaped structure. The structure in figure 41(g) is be- 
lieved to be a variation of that appearing in figures 41(c) 
through (f). This variation may be attributed to the unique 
time-dependent development of the two-dimensional spanwise 
vortical structures into three-dimensional vortical structures. 

Reference 30 presents a visualization study of the flow 
behavior in the near wall region ( y + < 40) of a turbulent bound- 
ary layer. Simultaneous top and end view photographs were 
obtained using hydrogen bubble wires and a dual-camera, 
high-speed video system. These data showed both the strong 
outward ejection and discrete streamwise rotation of fluid in 
the inner wall region. The study presented streamwise end 
views revealing a particularly clear sequence of the develop- 
ment of symmetric mushroom patterns from the near wall 


upwelling and revealed a counter-rotating pattern. Other im- 
agery revealed the presence of both co-rotating and counter- 
rotating streamwise structures in proximity to each other. 

In the present study, a consideration of the exact transport 
equation for the jc-component of the mean vorticity, 
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helps in the assertion that streamwise vorticity is being gener- 
ated by the above-described dynamic events occurring in the 
vicinity of the oscillating vane trailing edge. The photographic 
data presented in figures 37 through 39 and 41 indicate that 
both spanwise z and vertical y components of a vortex exist in 
the flow field. In addition, mean velocity profile data pre- 
sented in figures 14 and 17(a) indicate that significant mean 
flow shear dU/dy exists. Thus, the second term on the right 
side of equation (1 1), Qy{dUldy ), is significant and represents 
an exchange of vorticity between components because the 
velocity gradient dU/dy tilts or rotates a vortex that is initially 
in the y-direction so that it acquires a component in the 
^-direction. The first term, Q x (dU!dx), represents a stretching 
or compression of axial vortices if present. 

Based on a consideration of the observations made in refer- 
ence 30, the photographic data from the present study, and the 
above mathematical argument, the two spanwise vortices gen- 
erated by the action of an oscillating vane dynamically inter- 
acted with each other in a unique way and, ultimately, strongly 
interacted with the outer inviscid flow. During this unstable, 
strongly interactive event, the ejection of vortical fluid re- 
sulted in the transfer of low-momentum fluid into the high- 
momentum region of the boundary layer. Such an interaction 
produced three dimensionality in the outer flow field and 
significantly increased its streamwise vorticity. In addition, 
this strongly interactive event produced a periodic distur- 
bance that became intrinsic to the fluid. Thus, the original 
periodic two-dimensional disturbances produced by the vorti- 
ces introduced into the inner region of the boundary layer by 
the action of the oscillating vane were changed by an un- 
stable, strongly interactive event with the outer inviscid re- 
gion to a controlled, periodic disturbance signal intrinsic to 
the fluid flow. 

Developing three-dimensional region and turbulence gen- 
eration . — Figure 42 is a portrait photograph taken with the 
smoke wire located at L of 10.2 cm downstream from the vane 
trailing edge and laterally 1 1 .43 cm from the vertical plane 
passing through the centerline of the wind tunnel. The photo- 
graph shows several ribbons and single streaklines of smoke. 
The ribbons appear to indicate that the flow field has 
streamwise vortical components. Note that these rotating struc- 
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Figure 41 . — Smoke-wire portrait photographs showing several views of unstable, strongly interactive events. Flow is moving from right to left; vane operation fre- 
quency, f, 25 Hz; inlet velocity, C/-j , 2.6 m/sec; vane peak-to-peak displacement, h , 0.318 cm; smoke-wire located at L of 1.90 cm downstream from vane trailing 
edge, (a) Noninteractive (initial quiescent) condition, (b) Finger-shaped structure is erupting into outer region of boundary layer, (c to f) Growth and convection 
6 of T-shaped vortical structure shown, (g) Structure believed to be a variation of structures shown in parts (c) to (f). 
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Figure 41 . Concluded, (e to f) Growth and convection of T-shaped vortical structure, (g) Structure believed to be a variation of structures shown in parts (c) to (f). 







Figure 42. — Smoke-wire visualization showing several ribbons and single streaklines of smoke. Flow is moving from right to left; vane 
operation frequency, f, 25 Hz; inlet velocity, l/*|, 2.6 m/sec; vane peak-to-peak displacement, h, 0.318 cm; smoke wire is located at L 
of 10.2 cm downstream from vane trailing edge. 




tures are large and exist up to 5 cm above the surface in the 
upper region of the boundary layer. Additional sequences of 
motion pictures were obtained, but were not presented here, at 
nominally 10 and 15 cm downstream of the vane trailing 
edge. These showed what appeared to be a slow rotation 
about an arbitrarily located x-axis in the inner and/or outer 
region of the boundary layer. 

Figures 43(a) and (b) present typical smoke-wire photo- 
graphs with the smoke wire located at L of 15.24 cm down- 
stream from the vane trailing edge and laterally 11.43 cm 
from the vertical plane passing through the wind tunnel 
centerline. Figure 43(a) shows a V-shaped envelope similar to 
that shown in the motion picture sequence of figure 39(b) in 
which the smoke wire was located at L of 1.90 cm down- 
stream from the vane trailing edge. Note that the envelope 
contains large, loop-shaped structures of smoke that look like 
twisted, closed vortices. The included angle between the sides 
of the V is nominally 16°, which is curiously close to the 
natural expansion angle of two-dimensional and axisymmetric 
flows; the angle between the wall and the bisector of the V is 
approximately 50°. Figure 43(b) shows a group of omega- 
shaped vortices or vortex loops staggered axially and verti- 
cally in a V-shaped formation above the ramp surface. 

A study by Head and Bandyopadhyay (ref. 31) presents 
flow visualization data of a zero-pressure-gradient turbulent 
boundary layer in the Reynolds number range 500 < Re& < 
17 500. These data have shown large Reynolds number ef- 
fects on boundary layer structure. At high Reynolds numbers, 
the layer appeared to consist of elongated hairpin vortices or 
vortex pairs originating in the wall region and extending 
through a large part of the boundary layer thickness or beyond 
it. Large-scale features exhibited a slow overturning motion 
and appeared to consist mainly of random arrays of such 
hairpin vortices. In the lower Reynolds number range 900 < 
ReQ < 4000, which is closer to that of the present study, 
reference 31 found that the hairpin vortices were less elon- 
gated and appeared as horseshoe-shaped vortices or vortex 
loops. Large-scale features appeared to consist of isolated 
vortex loops or of several such loops interacting strongly and 
appeared to rotate at a relatively rapid rate. Reference 31 
discussed the mechanism of turbulence generation and pre- 
dicted the formation of horseshoe-shaped vortices. If a flow is 
strictly two dimensional, reference 31 pointed out that vortex 
stretching and vortex rotation, required in the formation of 
horseshoe-shaped vortices, cannot occur. If, however, any 
degree of three dimensionality is present, the situation is 
otherwise, and the vorticity equation contains additional terms 
that implicitly represent the result of vortex stretching and 
rotation or tilting, which account for the intensification of 
vorticity that must precede and accompany the production of 
turbulence. 

As demonstrated by the flow visualization data presented 
in figures 42 and 43, the streamwise vorticity downstream of 
the vane was increased by the strong interaction between the 


two spanwise vortices that ejected low-momentum vortical 
fluid into the outer high-momentum inviscid flow field. In 
this location, the vortical fluid was tilted and stretched down- 
stream by the mean flow vertical and streamwise strain rates 
to produce a three-dimensional flow field containing large- 
scale vorticity. This large-scale vorticity would be expected to 
be transferred to smaller length scales by the mechanism 
discussed by Bradshaw (ref. 20). He points out that in fully 
developed turbulence, the key mechanism acting to maintain 
random fluctuation of the vorticity and velocity is the interac- 
tion of tangled vortex lines. In a discussion of the kinetic 
energy of the fluctuating motion, he indicates that vortex 
stretching increases the rotational kinetic energy of a vortex 
line and that the kinetic energy comes from the velocity field 
that does the stretching. Thus, the kinetic energy passes from 
the mean flow containing a mean strain rate down through 
vortex motions of smaller and smaller length scales until it is 
converted (by the bursting phenomenon in the vicinity of the 
wall) to turbulence and finally thermal internal energy through 
work done against viscous stress. Bradshaw indicates that if 
there is no mean strain field to do work on the fluctuating 
motion, the fluctuating motion gradually decays. Finally, he 
notes, this process of energy transfer to smaller scales is 
referred to as the “energy cascade,” and is independent of 
viscosity except in the final stages. This description of the 
energy cascade is important because it provides a mechanism 
by which the periodic intrinsic axial vorticity resulting from 
the strong interaction events and ejection of the lifting line 
vortex into the outer inviscid flow field of the boundary layer 
is transferred down through vortex motions of smaller and 
smaller length scales until it is converted by the bursting 
phenomena in the vicinity of the wall to turbulence. 

Figures 44 and 45 present dimensionless velocity and tur- 
bulent kinetic energy profiles at locations downstream from 
the oscillating vane trailing edge, at L of 5.72 and 9.52 cm, 
respectively. Velocity profiles in inner coordinates at these 
locations were presented previously in figures 31 and 32. In 
the lower 20 percent (y/S = 0.2) of the velocity profile pre- 
sented in figures 44(a) and 45(a), note the unusual offset in its 
shape. This region of the boundary layer was fit by equa- 
tion (8), which represents the rough-wall approximation, and 
is shown in figures 3 1 and 32. Figures 46(a) and (b) present 
velocity profile data at L of 17.1 cm downstream from the 
vane trailing edge in dimensionless and inner coordinates, 
respectively. This location is approximately 3.8 cm from the 
exit of the ramp and is the last location on the ramp at which 
data were obtained. Figure 46(b) indicates that the wall-wake 
equation approximates the entire mean velocity profile, which 
suggests that the turbulent kinetic energy production rate is in 
equilibrium with the inviscid kinetic energy dissipation rate at 
this location. Figures 17(b), 44(b), 45(b), and 46(c) present 
dimensionless turbulent kinetic energy profiles at distances 
downstream of the vane trailing edge L of 1.9, 5.72, 9.52, 
and 17.1 cm, respectively. In distinct regions of the flow 
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Figure 43.— Smoke-wire portrait photographs. Vane oscillation frequency, f, 25 Hz; inlet velocity, U-j, 2.6 m/sec; vane peak-to- 
peak displacement, h, 0.318 cm; smoke wire located at L of 15.24 cm downstream from vane trailing edge, (a) V-shaped 
envelope of structure, (b) Omega-shaped vortices or vortex loops. 
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Dimensionless distance above surface, y/S Dimensionless distance above surface, y/8 




Dimensionless turbulent kinetic energy, 

[(uY+vmujL 2 

Figure 44. — Dimensionless velocity and turbulent kinetic 
energy profiles at L of 5.72 cm downstream from vane 
trailing edge; inlet velocity, U- 1 , 6.6 m/sec; excitation 
frequency, f, 30 Hz; vane peak-to-peak displacement, 
/?, 0.318 cm; free-stream velocity at boundary layer 
edge, (UJl* 6.25 m/sec; boundary layer thickness, S, 

4.77 cm. (a) Dimensionless velocity, (b) Dimensionless 
turbulent kinetic energy. 




Dimensionless turbulent kinetic energy, 

[(uY+vmujL 2 

Figure 45. — Dimensionless velocity and turbulent kinetic 
energy profiles at L of 9.52 cm downstream from vane trail- 
ing edge; inlet velocity, (/|, 6.6 m/sec; excitation frequency, 
f, 30 Hz; vane peak-to-peak displacement, h, 0.31 8 cm; free- 
stream velocity at boundary layer edge, 6.24 m/sec; 

boundary layer thickness, 5, 5.33 cm. (a) Dimensionless 
velocity, (b) Dimensionless turbulent kinetic energy. 
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Figure 46. — Dimensionless velocity and turbulent kinetic energy profiles at L of 17.1 cm downstream from vane trailing edge; 
inlet velocity, C/ 1} 6.6 m/sec; excitation frequency, f, 30 Hz; vane peak-to-peak displacement, h , 0.318 cm. (a) Dimensionless 
velocity; free-stream velocity at boundary layer edge, (1/ «,)/_, 5.80 m/sec; boundary layer thickness, 5, 8.16 cm. (b) Velocity 
profile in inner wall coordinates, (c) Dimensionless turbulent kinetic energy profile; free-stream velocity at boundary layer 
edge, (U X ) L , 5.80 m/sec; boundary layer thickness, 5, 8.16 cm. 
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field, these data indicate a high degree of erratic behavior 
similar to that discussed previously with reference to figures 
17(b) and 20(c). This behavior is produced by periodic, but 
varying in amplitude, velocity fluctuations superimposed on 
an otherwise broadband spectrum. These fluctuations include 
the strong 30-Hz-frequency of the oscillating vane. 

Spectral function data . — Spectral function data obtained 
using two single-wire, hot-wire anemometers are presented in 
figures 47 and 48. 

Figure 47 presents the axial variation along the ramp sur- 
face of the phase difference 0 between the two anemometer 

signals, the turbulence intensity , and co- 

herence COH, measured at 30 Hz. The phase difference and 
coherence were measured with a fixed hot-wire probe located 
at an axial distance from the vane trailing edge L of 0.79 cm, a 
height above the surface yp corresponding to 40 percent of the 
local free-stream velocity (£/oo)l> and a z of 10.2 cm. A mobile 
probe was moved axially along the ramp surface at a height of 
yp corresponding to nominally 40 percent of the local free- 
stream velocity and a z of -1.27 cm. The turbulence intensity 
was measured using the mobile probe. From the vane trailing 
edge to at least an L of 1 0 cm, the data were obtained in the 
buffer layer. The gradient of the phase angle difference changed 
at an L of approximately 7 cm separating the ramp into two 
general regions having different phase speeds. The specific 
cause for this is not known; however, it is believed due to the 
distinctly different types of events occurring in the flow up- 
stream and downstream of this axial location. For example, 
upstream the primary vortices (fig. 38(d)) evolved and inter- 
acted with the outer inviscid flow; downstream the flow 
transitioned to three dimensionality. Based on the power spectra 
at 30 Hz, the magnitude of the turbulence intensity showed an 
increase as the flow left the vicinity of the vane, fell sharply 
by almost 87 percent to a minimum approximately halfway 
down the ramp, and then rose at the exit. This behavior is in 
sharp contrast to the relatively small 25-percent variation in 
the turbulence intensity based on the rms value of the fluctuat- 
ing velocity over the same axial length of the ramp surface. 
The axial variation of the coherence indicates that the rela- 
tionship between the upstream disturbance signal and the 
effect measured downstream was nonlinear. However, in the 
vicinity of both the vane and the ramp exit, the degree of 
nonlinearity was relatively small. This may be indicative of 
the time-dependent shear layer phenomena (ref. 27) respon- 
sible for the high degree of static pressure recovery discussed 
earlier in the Pressure Recovery section . 

Figure 48 presents the spanwise variation of spectral func- 
tion data obtained at three streamwise axial locations. Fig- 
ures 48(a) through (c) present the spanwise variation of the 
phase angle difference between the two anemometer signals, 
the turbulence intensity, and the coherence measured at 30 Hz 
and at axial locations L from the oscillating vane trailing edge 
of 0.48, 4.44, and 8.26 cm, respectively. For all three traverses, 


r- Vane 



Surface distance from vane trailing edge, L, cm 



Surface distance from vane trailing edge, L, cm 



Surface distance from vane trailing edge, L, cm 

Figure 47. — Spectral function variation of phase angle differ- 
ence, turbulence intensity, and coherence measured at 
30 Hz versus axial surface distance from vane trailing edge 
measured at 40 percent of free-stream velocity in boundary 
layer; inlet velocity, Ui, 6.6 m/sec; excitation frequency, f, 
30 Hz; vane peak-to-peak displacement, h, 0.31 8 cm. Fixed 
wire located at L of 0.79 cm and z of 1 0.2 cm; mobile wire 
located at z of -1 .27 cm. 


the fixed probe was located at an L of 0.48 cm, a yp corre- 
sponding to 40 percent of the local free-stream velocity {U^p, 
and a z of -1.27 cm. The mobile probe was moved above the 
ramp surface at a height of nominally 40 percent of the local 
free-stream velocity. In each figure the points of data are 
connected by dashed lines to indicate that insufficient meas- 
urements were made to reveal an accurate variation of the 
parameters. Thus, the variation of the data indicate only coarse 
trends as a function of the spanwise dimension z. At an axial 
location of 0.48 cm (fig. 48(a)), the two probes were located 
in the same spanwise plane. Note that the phase difference 
between the two anemometer signals varied within nominally 
±25°, and the turbulence intensity showed a periodic variation 
with distinct minimums at z’s of ±10 and ±30 cm. The smoke 
wire used to obtain the photographs presented in figure 41 
was located coincidently at the same spanwise location 
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Figure 48. — Spectral function variation of phase angle difference, turbulence intensity, and coherence for three streamwise 
axial locations. Measurements made at 40 percent of local free-stream velocity in boundary layer; inlet velocity, U- 6.6 m/sec; 
excitation frequency, f, 30 Hz; vane peak-to-peak displacement, h, 0.318 cm. Fixed wire located at L of 0.48 cm and z of 
-1 .27 cm. (a) Mobile wire located at L of 0.48 cm; local free-stream velocity, (U^l* 6 -45 m/sec. (b) Mobile wire located at L 
of 4.44 cm; local free-stream velocity, (U^l* 6.74 m/sec. (c) Mobile wire located at L of 8.26 cm; local free-stream velocity, 
(UJ L , 6.25 m/sec. 
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(z of -10.79 cm) as one of the measured minimum-valued 
turbulence intensities shown in figure 48(a). Thus, the photo- 
graphs in figure 41 and the data of figure 48(a) indicate that 
several strongly interactive distinct spanwise events involv- 
ing the ejection of vortical fluid into the outer inviscid layer 
of the boundary layer produced spanwise variations in the 
magnitudes of the downstream component of the turbulence 
intensity. It must be pointed out here that these variations in 
the spectral functions are not caused by a physical distortion 
of the vane. The operation of the vane was checked regularly 
using strobe equipment to insure that it operated as a single 
structural entity without deformation. Also, the displacement 
fluctuations of an accelerometer located on the driver linkage 
was checked continuously with an oscilloscope to insure that 
the driver was operating with a smooth sinusoidal motion. 
With the exception of the data at a z of -10 cm, the coherence 
was generally close to 1, indicating a linear relation existed 
between the disturbance signal measured by the two probes. 
This level of coherence would be anticipated because the two 
probes were located in the same lateral plane. 

Figure 48(b) presents the spanwise variation of spectral 
function data at an axial location L of 4.44 cm. The phase 
angle difference varied within ±35° and was periodic. The 
turbulence intensity data showed a periodic variation similar 
to that in figure 48(a). Also, an apparent spanwise shift oc- 
curred in the crest of the left- and right-hand wave forms. 
Note that the mean level of the coherence was approximately 
0.85, which indicates a significant reduction in the degree of 
linearity between the disturbance signals measured by the 
two probes. 

Figure 48(c) presents the spanwise variation of the spectral 
function data at an axial location L of 8.26 cm, which is 
approximately halfway down the ramp. This location is also 
downstream of the location where strongly interactive phe- 
nomenon and three dimensionality developed in the flow 
field (discussed previously in the section titled Strongly inter- 
active events and three dimensionality). The phase angle 
difference varied within ±105°. The turbulence intensity data 
were relatively flat in comparison with that presented in fig- 
ures 48(a) and (b), and the coherence decreased to nominally 
0.50, indicating that a high degree of nonlinearity existed 
between the disturbance signal at an L of 0.48 cm and this 
axial location. 

The data presented in figure 48 indicate that at a height 
above the ramp surface corresponding to 40 percent of the 
local free-stream velocity, the initial two-dimensional flow 
field was significantly affected by the evolution of a set of 
distributed, distinct, spanwise flow structures. As these struc- 
tures evolved to a point nominally halfway down the ramp, 
increases in the variation of the spanwise phase angle differ- 
ence occurred with an increase in the number of spanwise 
cycles. The increased number of cycles indicates that the flow 
field developed three dimensionality and that the initial struc- 
tures were developing into axially oriented vortical structures. 


Figure 49 presents power spectral measurements obtained 
in the near wall region at several axial locations along the 
ramp surface. These data include for comparison power spec- 
tral data representing the nonexcited and excited conditions at 
an L of 0.48 cm and at a height above the surface yp of 
0.152 cm. The remaining data representing the excited condi- 
tion were measured at a y p of 0.152 cm and at L’s of 1 .9, 9.5, 
and 1 7. 1 cm. The data show a dominant narrow-band fluctuat- 
ing signal at the vane oscillation frequency of 30 Hz and 
indicate that this signal persisted in the near wall region of the 
boundary layer along the entire axial length of the ramp. At 
the location L of 0.48 cm, note the broad distribution of 
energy in the low-frequency and harmonic narrow bandwidths; 
however, further downstream the amplitudes of the low-fre- 
quency and harmonic tones were suppressed. 

Figure 50 presents a sequence of motion picture frames 
showing an overhead view of the smoke-wire streaklines. The 
smoke wire is located at the bottom of each frame. In the wind 
tunnel, it was located at y of 0.635 cm above the surface of the 
ramp in a spanwise z, y-plane and at L of 14.6 cm downstream 
from the oscillating vane trailing edge. The sequence begins 
in the upper left-hand comer and proceeds from left to right. 
Figure 50 shows the evolution of three prominent smoke 
streaklines located left of the center in each frame. Note first 
the spanwise back and forth sway of each streakline with the 
eventual formation of what appears to be a helix at the end of 
the left-hand sinusoidal streakline; second, the left and right 
streaklines sway in opposition to each other; third, the rapid 
growth in the helix before it and the sinusoidal streakline 
appear to break up. The third observation is demonstrated 
more prominently in figure 51, which presents enlarged fig- 
ures of the motion picture frames in the forth and fifth rows of 
figure 50. Starting in figure 51(f), at the end of the longer 
sinusoidal streakline is the explosive growth of the smaller 
helical structure during a period of 0.0125 sec (five frames, 
figs. 51(f) through (j)). The lifetime of the helix from its 
initial formation to its final breakup is approximately 
0.025 sec. Viewing this structure from upstream to down- 
stream reveals that it is rotating in a counter clockwise direc- 
tion and is approximately parallel to the ramp surface. Its axis 
of rotation turns counter clockwise from approximately 70° to 
the smoke wire to approximately 60° where it breaks up. Note 
that the sinusoidal streakline broke up after forming one wave 
length whereas the helix broke up after forming nominally 
two wavelengths. In summary, figure 50 presents helical and 
sinusoidal streaklines that grow and appear to break up into 
turbulence as the result of instability. 

At this point in the discussion of the frequency-dependent 
phenomena responsible for the increase in the surface static 
pressure recovery, a review of the events occurring down- 
stream of the vane reveals the following: First, flow visual- 
ization revealed the ejection of low-momentum vortical fluid 
into the outer high-momentum inviscid flow field. This ejec- 
tion was the result of a strongly interactive phenomenon 
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Figure 49. — Power spectra PS measured at several locations L from vane trailing edge and at yp of 0.152 cm above ramp sur- 
face; inlet velocity, C/-j , 6.6 m/sec. For excited cases (b) to (e), excitation frequency, f, 30 Hz; vane peak-to-peak displace- 
ment, h, 0.318 cm. (a) Nonexcited case; L = 0.48 cm; PS = 0.089x10-3 volt 2 at 30 Hz. (b) L = 0.48 cm; PS = 30.5x10-3 volt 2 
at 30 Hz. (c) L = 1 .9 cm; PS = 24.9x1 0" 3 volt 2 at 30 Hz. (d) L = 9.5 cm; PS = 4.82x1 0" 3 volt 2 at 30 Hz. (e) L = 1 7.1 cm; PS = 
0.33x1 0-3 volt 2 at 30 Hz. 


53 


U\ 




Start 


End ► 

Figure 50. — Spanwise smoke-wire overhead view of motion picture sequence showing evolution with time of three prominent smoke streaklines. Sequence begins in 
upper left-hand comer and proceeds from left to right. Flow is from bottom to top in each frame. Smoke wire located at bottom of each frame at L of 14.6 cm and 
y of 0.635 cm above ramp surface; inlet velocity, U-\ % 2.6 m/sec; vane oscillation frequency, f, 25 Hz; vane peak-to-peak displacement, h, 0.318 cm. Each frame 

represents 0.0025-sec time step. 
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Figure 51 . — Selected enlargements of motion picture frames from rows 4 and 5 of figure 50 showing explosive growth and breakup of helical and sinu- 
soidal streaklines, (a to e) Sequence showing formation of sinusoidal streaklines, (f to i) Sequence showing further development of sinusoidal streak- 
lines and explosive growth of helical structure at end of left-hand streakline, (j to I) Breakup of sinusoidal streaklines and helical structure. 


U\ 

ON 



Figure 51 . Continued, (f to i) Sequence showing further development of sinusoidal streaklines and explosive growth of helical structure at end of left- 

hand streakline. 
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Figure 51 . — Concluded, (j to I) Breakup of sinusoidal streaklines and helical structure. 


between the spanwise vortical structures produced by the 
oscillating vane and the outer inviscid flow field. Second, 
the ejected spanwise vortical fluid was tilted and stretched 
downstream by the action of the vertical and axial mean flow 
strain rates, respectively, producing a three-dimensional flow 
field with axial vorticity. Figure 34 indicates that significant 
changes in the curvature and spacing of the flow streamlines 
occurred in the boundary layer near the vane. Thus, the local 
flow field experienced axial acceleration, deceleration, and 
centrifugal forces. These forces, in addition to variations in 
the surface static pressure coefficient, and the presence of 
significant vorticity imply that the local flow field could de- 
velop periodic streamwise-oriented vortical secondary flow 
structures. Third, a large, streamwise, helical-shaped ribbon 
structure was observed halfway down the ramp length in the 
outer region of the boundary layer where changes in stream- 
line curvature were evident. Fourth, large loop-shaped struc- 
tures resembling twisted closed vortices in addition to 
omega-shaped vortices staggered streamwise and vertically in 
a V-shaped formation were observed near the exit from the 
ramp. Fifth, spectral function data obtained at an excitation 
frequency of 30 Hz indicate that the flow field was signifi- 
cantly affected by a set of distributed, distinct, spanwise flow 
structures originating in the vicinity of the vane trailing edge. 
Sixth, axial power spectral measurements obtained in the near 
wall region of the boundary layer (y + * 10) showed a domi- 
nant narrow-band fluctuating signal at the vane oscillation 
frequency of 30 Hz and indicate that this fluctuation persisted 
in the near wall region along the entire axial length of the 
ramp. Seventh, figure 50 presents motion picture smoke visu- 
alization of sinusoidal and helical streaklines, which became 
unstable and broke up into turbulence. These streaklines were 
located in the near wall region of the turbulent boundary layer 
at a y + of 1 6.7 near the ramp exit. 

The seventh event is particularly significant because evi- 
dence of turbulence generation in the near wall region is an 
essential link in the production/dissipation phenomenon that 
is characteristic of an attached turbulent boundary layer. In 
reference 27 Blackwelder and Swearingen present a study of 
the mechanism of turbulence generation produced by the burst- 
ing phenomenon. An outline of their investigation is pre- 
sented in appendix B. The discussion of this reference is 
included here because it provides an understanding of a mecha- 
nism that may qualitatively explain, in the present study, the 
observed dependence of the surface static pressure recovery 
downstream of the vane on the vane oscillation frequency. 

Proposed downstream flow-field excitation mechanism . — 
Blackwelder and Swearingen (ref. 27) investigated the gen- 
eration of turbulence in the near wall region of a wall-bounded 
turbulent shear flow passing over a plate with a small concave 
curvature. Fluid flow passing over such a plate is character- 
ized by moderately curved streamlines which are similar to 
those in figure 34 that characterize the flow field in the present 
study. Near the wall, the flow field is dominated by a series of 


events, collectively called the bursting phenomenon, which 
are responsible for the turbulence production and the drag. 
Blackwelder and Swearingen create a model of the phenom- 
enon that is based on a review of linear instability theory and 
Gortler instability (ref. 32). They use these theories even 
though they describe the initial growth of a small disturbance 
on a wall for the case of laminar flow leading to transition. 
This approach is justified on the basis of observations made 
by many experimental and theoretical studies (ref. 22) that 
have concluded that there is great similarity in many aspects 
of the mechanism leading to transition and the continuous 
generation of turbulence in wall-bounded flows. Thus, refer- 
ence 27 indicates that a series of events that occur in the wall 
region of bounded turbulent shear flows dominated by the 
bursting phenomenon is similar to that described for the Gortler 
problem; namely, there are counter-rotating streamwise vorti- 
ces, elongated regions of low-speed fluid (low-speed streaks), 
and oscillation of these streaks, which rapidly grows to disin- 
tegration of the coherent motion. This disintegration is fol- 
lowed by strong mixing that results in the generation of 
turbulence. However, reference 27 indicates that the role of 
the streamwise vortices in turbulent flow is less clear than in 
the Gortler case. Until Blackwelder and Swearingen’s inves- 
tigation, no generally accepted definition of such a vortex was 
found in the literature. Thus, they define such a vortex as a 
coherent vortical parcel of fluid such that the instantaneous 
streamlines in the plane perpendicular to the vortex lines are 
closed. Blackwelder and Swearingen propose a mechanism 
for the final step in the series of events that collectively are the 
bursting phenomenon. The objective of their investigation 
was to examine the oscillation stage leading to the rapid 
growth and disintegration of the coherent motion and to pro- 
pose a mechanism by which it may occur. The details of their 
experimental investigation and several observations about their 
test results are presented in appendix B. 

Blackwelder and Swearingen performed a turbulent bound- 
ary layer experiment in which sequential instantaneous veloc- 
ity profile data were obtained in the spanwise and streamwise 
directions. These data revealed that the strongest indication of 
the presence of streamwise vortices in turbulent boundary 
layers is the existence of low-speed streamwise streaks of 
fluid. These streaks imply the presence of inflectional veloc- 
ity profiles. Their measured data revealed many inflectional 
velocity profiles in the wall region in the normal and spanwise 
directions of a turbulent boundary layer. Blackwelder and 
Swearingen applied Michalke’s analysis of spacially growing 
disturbances in an inviscid shear layer (ref. 8) to the predic- 
tion of the amplified oscillation of the fluid streaks. They 
reasoned that if the inflectional profiles are indeed unstable, 
one should be able to predict the wavelength of the amplified 
oscillation. Michalke’s results suggest that the wavelength A 
for the most amplified wave number a,A of 0.40 will be 
15.7A, where A represents one-half the vorticity thickness 5^ 
of the inflectional profile. A close examination of the data by 
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Blackwelder and Swearingen indicated that A varied approxi- 
mately as (10±5) (v/w T ). Thus, the inflectional profiles should 
produce disturbances with wavelengths between 75 and 225, 
(v/« T ) where a jA is 0.40 and v/u T is computed at the measure- 
ment location. Wavelengths in the same range were observed 
in reference 27, which indicated others, including Kline et al. 
(ref. 33), observed them also. Blackwelder and Swearingen 
concluded that inflectional profiles are a prevalent and ubiq- 
uitous feature of the wall region of turbulent flow fields and 
that the presence of low-speed streaks of fluid is sufficient to 
guarantee that there are inflectional velocity profiles in the 
spanwise and normal to the wall directions. 

It is interesting to note that the range of A corresponds to 
the following limits of the vorticity thickness S w = 2 A in inner 
coordinates: 


figure 50 and those of the antisymmetric low-speed streaks of 
fluid shown in figure 2 of reference 27 are similar. These 
observations lend justification to the assumption that the streak- 
lines in figures 50 and 51 mark low-speed streaks of fluid 
resulting from an instantaneous inflectional velocity profile. 

From the data presented in figure 4, the frequency of the 
maximally unstable disturbance is known to be 25 Hz. If, 
indeed, the 25-Hz sinusoidal streaklines shown in figures 50 
and 51 represent a maximum unstable disturbance resulting 
from a locally inflectional velocity profile, one should be able 
to approximate its vorticity thickness and compare it with the 
known range of such vorticity thicknesses roughly estimated 
by Blackwelder and Swearingen (ref. 27) and others. The 
most amplified wave number a^A of the broad range of grow- 
ing harmonic disturbances may be expressed as 


10 < 8+ < 30 

Coincidently, these limits represent the nominal locations of 
the buffer layer boundaries (in inner wall boundary layer 
units) for a simple turbulent boundary layer in which the 
turbulent kinetic energy production rate is in equilibrium with 
the dissipation rate. 

As mentioned above in the discussion of the measured test 
results presented herein, the helical and sinusoidal streaklines 
shown in figures 50 and 51 appear to grow and break up as the 
result of instability. During these tests, measurements of the 
instantaneous velocity profiles were not made; therefore, to 
apply Michalke’s analysis, it is necessary to initially assume 
that the streaklines shown in figures 50 and 51 result from 
instantaneous inflectional velocity profile secondary instabili- 
ties and also mark the resulting low-speed streaks of fluid 
referred to in reference 27. With regard to the present tests, it 
must be emphasized that the production rate of the inflec- 
tional velocity profile secondary instabilities is not a direct 
result of the oscillating vane action in the sense that the vane 
does not produce them directly. Rather, their production rate 
is a function of the vane sinusoidal oscillation frequency. 

The test conditions that produced the streaklines in figures 
50 and 51 included an excitation frequency of 25 Hz, a vane 
displacement height of 0.318 cm, and an inlet velocity to the 
ramp of 2.6 m/sec. Figure 4 shows that these operating condi- 
tions produced a maxima in the curve of the maximum static 
pressure recovery measured near the exit of the ramp. The 
frequency of the sinusoidal streakline formation was com- 
puted to be 26.7 Hz using the motion picture flow visualiza- 
tion data (presented in fig. 50) that were obtained at a rate of 
400 frames/sec. A second estimate of this frequency was 24.3 
Hz, calculated by using measurements of the wavelength 
from figure 50 and the local velocity from measured mean 
velocity profile data. These values are very close to the 25-Hz 
operating frequency of the vane. In addition to this agreement, 
the appearance of the two parallel antisymmetric structures in 
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The dimensionless phase speed C p h/(Uco)i measured near the 
exit of the ramp, was 0.40; and since the Strouhal number St$, 
representing the maximum amplification rate, is 0.17, thus, 
OLyA was calculated to be 0.53. Therefore, the wavelength of 
the maximum unstable disturbance, in terms of one-half the 
vorticity thickness A , is expressed as A x = 1 1.8A The magni- 
tude of C ph /(U 0 0 )l appears to be low, but it must be kept in 
mind that the flow is being forcibly excited, is passing over a 
surface that is effectively fully rough, and is simultaneously 
exposed to a strong, unfavorable pressure gradient. These 
conditions are highly unusual and are believed here to be 
responsible for this low level of Cpfj/^Uoo)^. Based on the most 
amplified wave number CLyA of 0.53 and the wavelength meas- 
ured from figure 50, A was computed to be 4.8 (v/« T ). This 
value of A is very close to the lower limit of the range of the 
vorticity thicknesses, (10±5)(v/m t ), roughly measured by 
Blackwelder and Swearingen and other investigators, as 
pointed out in reference 27. If A is equated to 4.8 (v/w T ), the 
assumed inflectional profile in the present experiment would 
produce a disturbance with a wavelength, in inner coordi- 
nates, of A* = 57 ( v/u T ). 

Although the aforementioned results nominally agree with 
those in reference 27, there are several restrictions which 
remain to be satisfied in order to apply Michalke’s analysis 
(ref. 8). Michalke’s analysis was derived for a steady, two- 
dimensional, inflectional profile in a parallel unbounded flow. 
Reference 27 indicates that the following restrictions have 
been examined and satisfied in their study. The adverse ef- 
fects of nonparallel flow have been found to be negligible 
when the local value of the mean flow is used in the stability 
calculations, which was the case in the present test. The 
adverse effects due to an unsteady mean flow are negligible if 
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the time scale of the instability is of the order of v/u%. In the 
present test, the time scale for the sinusoidal instability wave 
was approximately 4 (v/uj). The adverse effects due to the 
location of the inflectional region of the velocity profile are 
negligible if it is located at least 1.2 A from the wall. In the 
present experiment, no measurements were made that specifi- 
cally located the inflectional velocity profile in relationship to 
the model surface. However, because the smoke wire and the 
unstable structures shown in figures 50 and 51 were 3. 5 A 
above the model surface, it may be assumed that they were 
near the location of the inflectional velocity profile. The ad- 
verse effects due to three-dimensional flow were studied by 
Nishioka, Asai, and Ida (ref. 34), who concluded from experi- 
ments that the two-dimensional theory is valid in highly three- 
dimensional fields; however, the amplification rate is reduced 
but still remains large. 

The foregoing discussion considered the data measured 
downstream of the oscillating vane and in the logarithmic law 
region and outer layer of the boundary layer presented in 
figures 34, 37 through 39, and 41 through 51. In addition, a 
review of reference 27 was included because it provides an 
understanding of a mechanism that may qualitatively explain 
the observed dependence of the surface static pressure recov- 
ery on the vane oscillation frequency. Based on the arguments 
presented in reference 27, an application of Michalke’s linear 
analysis (ref. 8) was made and reasonably predicted the vor- 
ticity thickness and time scale of the structures observed in 
the near wall region of the turbulent boundary layer passing 
over the 20° rearward-facing ramp. It is proposed here that the 
periodic events (discussed in the section Results Downstream 
From Vane and in Logarithmic-Law Region and Outer Layer 
of Boundary Layer) collectively are the mechanism that pro- 
duced the observed unique dependence of the static pressure 
recovery on the forcing frequency of the oscillating vane. 
These events involved the formation of macroscopic 
streamwise structures that led to the periodic formation of 
sinusoidal streaklines in the near wall region of the turbulent 
boundary layer and had the same time scale as that of the 
oscillating vane. 

Concluding Remarks 

Seldom does an experiment include the diversity of new 
phenomena that have been encountered in the present study of 
an excited turbulent flow passing over a 20° rearward-facing 
ramp. The phenomena are new, because they do not occur as a 
natural passive consequence of the gas dynamic flow. Rather, 
they are forced to occur by the action of an externally, super- 
imposed, active excitation technique. The specific excitation 
technique incorporated the use of an oscillating vane posi- 
tioned near the inlet to the ramp. The vane introduced two- 
dimensional, spanwise, periodic vortical structures directly 
into the inner wall region of the turbulent boundary layer 
experiencing transitory detachment. A delay in the detach- 
ment of the turbulent boundary layer from the ramp inlet was 


the primary result produced. Measurements of the surface 
static pressure coefficient along the ramp surface indicated 
that two different responses to the vane operation occurred: 
first, the pressure coefficient varied as a function of the vane 
oscillation frequency but was independent of increases in the 
vane displacement amplitude above an amplitude in inner 
wall boundary layer units y + of 70; second, below this limit- 
ing amplitude the static pressure coefficient varied as a func- 
tion of both the vane frequency of oscillation and its 
displacement amplitude. These two dissimilar responses were 
investigated by a consideration, first, of the phenomena oc- 
curring in the immediate vicinity of the vane and continuing 
along the ramp surface in the buffer layer and linear sublayer, 
and, second, the phenomena occurring downstream of the 
vane and above the ramp surface in the logarithmic-law 
region and outer layer of the excited boundary layers. 

The study of the phenomena that occurred downstream of 
the vane trailing edge along the ramp surface in the buffer 
layer and linear sublayer included an analysis of a wall jet 
located near the vane trailing edge. It was identified as a 
significant generator of the turbulence necessary to change 
the turbulence structure of the nonexcited shear layer at the 
inlet to the ramp from one characteristic of transitory detach- 
ment to one for the excited condition of attached flow. A 
second analysis considered the mean flow velocity profiles 
along the upper half of the ramp surface. This analysis indi- 
cated that the action of the vane produced an effective fully 
rough-wall condition characterized by a reduction of the vis- 
cous sublayer width to zero with a significant change in the 
turbulence structure of the boundary layer. This latter analysis 
provided an explanation for the limited effectiveness of the 
oscillating vane displacement height in controlling the surface 
static pressure recovery along the ramp surface. That is, for 
the case in which the vane displacement height was set equal 
to its effective limiting amplitude, the action of the vane 
produced an effective fully rough-wall condition character- 
ized by a reduction of the viscous sublayer width to zero; 
thus, no further increase in the effective roughness of the 
rough-wall condition was possible with increases in the vane 
displacement height. Based on these findings, it is proposed 
here that the wall jet and the fully rough-wall condition along 
the upper half of the ramp surface are manifestations of the 
oscillating vane periodic formation of the spanwise two- 
dimensional starting vortices that attached themselves to the 
ramp surface. These vortices acted as the principal mecha- 
nism that produced the delay in detachment of the turbulent 
boundary layer as a function of the vane oscillation frequency 
and a limited range of its trailing edge displacement 
amplitude. 

The study of the phenomena that occurred downstream of 
the vane and above the ramp surface in the logarithmic-law 
region and outer layer of the excited boundary layers included 
smoke-wire flow visualization, which showed that two span- 
wise counter-rotating vortices were generated by the action of 
the oscillating vane. One of these was a starting vortex that 
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attached itself to the ramp surface; the other was a lifting line 
vortex that remained detached. They dynamically interacted 
with each other in an unstable, strongly interactive event that 
ejected the low-momentum fluid of the detached vortex into 
the high-momentum region of the outer inviscid layer. This 
fluid formed a set of distributed, distinct, spanwise mushroom 
or omega-shaped macroscopic structures that were tilted and 
stretched or compressed downstream by the action of the 
vertical and axial mean flow strain rates, which produced a 
three-dimensional flow field with significantly increased 
streamwise vorticity. This event produced periodic distur- 
bance signals that then became intrinsic to the fluid and al- 
tered the in-flowing, two-dimensional flow field. Downstream 
of these events, smoke-wire flow visualization showed large, 
streamwise, helical-shaped structures that appeared to be in 
rotation. Observed near the ramp exit were large, loop-shaped 
and omega-shaped vortices staggered axially and vertically in 
V-shaped formations. In the near wall region of the turbulent 
boundary layer, smoke-wire flow visualization revealed that 
streamwise-oriented sinusoidal streaklines were present. 
Motion pictures showed the streaklines transitioning to insta- 
bility and then breaking up into turbulence. The period of 
these sinusoidal streaklines was measured and was the same 
as that of the oscillating vane, which was located at the inlet to 
the ramp. The breakup of these streaklines into turbulence is 
particularly significant because evidence of turbulence gen- 
eration in the near wall region is an essential link in the 
production /dissipation phenomena characteristic of attached 
turbulent boundary layers. An analysis of these streaklines 
reasonably predicted their vorticity thickness and time scale. 
Thus, the analysis indicated that the streaklines were the 
result of the rapid growth of inflectional velocity profile sec- 
ondary instabilities that are a prevalent feature of the wall 
region of turbulent boundary layers. It is proposed here that 
the periodic events just described collectively are the mecha- 
nism that produced the observed unique dependence of the 
surface static pressure recovery on the forcing frequency of 
the oscillating vane. These events involved the formation of 
macroscopic streamwise structures that led to the periodic 
formation, in the near wall region of the turbulent boundary 
layer, of sinusoidal streaklines having the same time scale as 
that of the oscillating vane. 

The operation of the vane showed that it could force suffi- 
cient turbulence generation in the near wall region of the 
boundary layer to produce changes in the turbulence struc- 
ture. These changes were large enough to alter the mean flow 
velocity profiles; thus, the magnitude of the changes in the 
turbulence structure can be arbitrarily controlled. This indi- 
cates the degree of boundary layer attachment in the diffuser- 
type flows can be controlled using such a device. 

The turbulent generation phenomena that produced a delay 
in the detachment of the turbulent boundary layer were re- 
vealed through the combined use of hot wires and smoke- wire 
flow visualization techniques. The combined use of these two 
techniques is believed here to be essential because of their 


complimentary nature. That is, the use of the hot wires is ideal 
for obtaining the statistical data used to quantify turbulent 
flow; however, they are much less satisfactory for revealing 
the existence of organized flow structures that vary widely in 
size and orientation. This, however, is just the information 
that can be obtained from flow visualizations studies. 

The excitation technique used here introduced a periodic 
perturbing signal directly into the near wall region of the 
turbulent boundary layer experiencing transitory detachment. 
The experimental investigation of flows in which such peri- 
odic perturbing signals are used requires the acquisition of 
instantaneous data including flow visualization. An example 
in the present experiment concerned the application of 
Michalke’s analysis of spatially growing disturbances to the 
rapid growth of inflectional velocity profile secondary insta- 
bilities in the near wall region of a turbulent boundary layer. 
The need for instantaneous fluid dynamic data acquisition 
when studying such periodic flow phenomena represents a 
major change in thinking for the typical experimentalist who 
generally acquires time-averaged data required for statisti- 
cally based, Reynolds-averaging analyses. In a mutually com- 
plimentary sense, it is noted that this approach is compatible 
with the instantaneous capture of events using motion picture 
flow visualization techniques. 

The regularization of the phenomena occurring in the near 
wall region of a turbulent boundary layer effected by an 
oscillating vane positioned at the inlet to a rearward-facing 
ramp may offer experimentalists an opportunity to study the 
mechanisms that occur in buffer layers, which are not well 
understood at this time. 

Summary of Results 

A vane oscillating about a fixed point at the inlet to a two- 
dimensional 20° rearward-facing ramp proved effective in 
delaying the detachment of a turbulent boundary layer. Unlike 
passive devices, such as stationary vortex generators, the os- 
cillating vane is an active control device. Control is accom- 
plished by introducing into the inner layer of the boundary 
layer a sinusoidal two-dimensional perturbing signal, which 
can be varied in amplitude and frequency. This control poten- 
tially makes the vane ideally suited to excite the growth of 
secondary stability waves that become unstable and thereby 
produce turbulent mixing and improve boundaiy layer at- 
tachment. During initial tests, the delay of detachment was 
ascertained by measuring the surface static pressure coeffi- 
cient distribution over the ramp surface. The results of these 
measurements indicated that the static pressure coefficient 
varied as a complex function of the vane oscillation frequency 
and its displacement amplitude. It was found that the perturb- 
ing signal could be controlled to provide a broad range in the 
static pressure recovery over the surface of the ramp. 

Although the delay in detachment of the turbulent bound- 
ary layer appeared, at first, to be a direct consequence of the 
periodic flow structures produced by the vane, this study 
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revealed that, in fact, the actual mechanism is more complex. 
Therefore, this summary is divided into three parts: first, a 
review of the general cause and effect results demonstrated by 
the variation in the axial distribution of the surface static 
pressure coefficient; second, a consideration of the results 
occurring in the vicinity of the vane and in the buffer layer 
and linear sublayer of the boundary layer; and third, a consid- 
eration of the results occurring downstream from the vane and 
in the logarithmic-law region and outer layer of the boundary 
layer. 

Surface Static Pressure Results 

Exploratory measurements of the surface static pressure 
coefficient and the local flow reversal rates revealed that the 
oscillating vane turned the flow through a 20° angle at the 
ramp inlet and brought about a delay in the flow detachment 
to beyond the ramp exit. The axial distribution of the surface 
static pressure coefficient indicated that two different responses 
to the operation of the vane occurred; first, the pressure coef- 
ficient was independent of increases in the vane displacement 
amplitude above the ramp surface greater than approximately 
70 inner wall units. This indicated that the action of the vane 
primarily affected the buffer and viscous sublayers of the 
boundary layer. Second, below this limiting amplitude, the 
pressure coefficient varied as a function of both the vane 
oscillation frequency and displacement amplitude. 

A parametric study was performed of the maximum values 
of the static pressure recovery measured at the ramp exit as a 
function of the vane oscillation frequency for several ramp 
inlet velocities at a constant vane displacement amplitude. 
The excitation frequency corresponding to the maxima of 
each curve increased in some proportional relationship with 
an increase in the ramp inlet velocity. This result implies that 
the fluid dynamics mechanism producing the optimum delay 
in detachment is Strouhal number dependent. 

Results in Vicinity of Vane and in Buffer Layer and Linear 
Sublayer of Boundary Layer 

Hot-wire anemometer mean velocity and turbulent kinetic 
energy profile data and corona anemometer probability den- 
sity function data revealed a wall jet and two distinct peaks in 
the probability density function suggesting that the oscillating 
vane produced two spanwise vortices per cycle of operation. 

Flow visualization data confirmed that the vane effected 
the production of two spanwise vortices per cycle of opera- 
tion. The vane acted as an oscillating airfoil with the steady 
release of counter-rotating spanwise starting and lifting line 
vortices. The starting vortex attached itself to the surface of 
the ramp and remained attached as it was convected down- 
stream; the lifting line vortex remained detached above the 
surface and dynamically interacted with the starting line vor- 
tex. The attachment of the starting line vortex to the ramp 


surface was found to be a necessary condition for the effective 
operation of the vane and occurred only if the oscillating vane 
made intimate contact with the surface during the retraction 
cycle of its operation. 

Hot-wire anemometer measurements indicated that signifi- 
cant changes occurred in the curvature and spacing of the 
flow streamlines near the vane where axial acceleration, de- 
celeration, and centrifugal forces were acting on the fluid. The 
necessary changes in the turbulence structure of the boundary 
layer to turn the flow through the 20° angle of curvature 
required to negotiate the inlet to the ramp were revealed by an 
analysis of the mean flow velocity profile near the oscillating 
vane trailing edge. In the inner boundary layer region, this 
velocity profile revealed the presence of a wall jet. The analy- 
sis identified the wall jet as a significant generator of the 
turbulence necessary to change the turbulence structure of the 
nonexcited local shear layer from that characteristic of transi- 
tory detachment to one for the excited condition of attached 
flow. 

Presentation in inner wall coordinates of the mean flow 
velocity profiles along the upper half of the ramp axial surface 
length showed that the shape of the inner wall layer profiles 
were unusual. The action of the vane significantly increased 
the width of the buffer layer. This meant that the boundaries 
of the buffer layer were extended deeply into the viscous 
sublayer and up into the logarithmic layer. Analysis of these 
data revealed that the increases in the width of the buffer layer 
were characteristic of flow passing over a fully rough wall 
with no effective viscous sublayer. 

Results Downstream of Vane and in Logarithmic-Law 
Region and Outer Layer of Boundary Layer 

Downstream from the vane, smoke-wire flow visualization 
showed that the starting and lifting line vortices generated by 
the action of the oscillating vane operating at the maximally 
unstable perturbing frequency dynamically interacted with 
each other and the outer inviscid flow in a strongly interactive 
event. During this unstable interactive event, the low- 
momentum fluid of the lifting line vortex was ejected into the 
high-momentum region of the outer inviscid layer. This ejected 
vortical fluid was distorted into a mushroom or omega-shaped 
macroscopic structure. While this structure was forming, it 
was tilted and stretched or compressed downstream by the 
action of the vertical and axial mean flow strain rates, respec- 
tively, which produced a three-dimensional flow field with 
significantly increased streamwise vorticity. This event pro- 
duced a periodic disturbance signal that then became intrinsic 
to the fluid. Spectral function data measured in a spanwise 
plane identified several sites where these unstable, strongly 
interactive events occurred; thus, a spanwise distributed set of 
such flow structures was produced. Therefore, the two- 
dimensional flow field was significantly altered by the evolu- 
tion of these spanwise, distributed, periodic disturbance struc- 
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tures. Midway down the ramp in the outer layer of the bound- 
ary layer, where changes in streamline curvature existed, 
smoke-wire flow visualization showed a large, streamwise, 
helical-shaped ribbon of smoke that appeared to be in rota- 
tion. Near the ramp exit, large loop-shaped structures resem- 
bling twisted ring vortices were observed in addition to 
omega-shaped vortices staggered axially and vertically in a 
V-shaped formation. Axial power spectral measurements ob- 
tained in the near wall region of the boundary layer indicated 
that a dominant narrow-band signal corresponding to the vane 
oscillation frequency persisted in the near wall region along 
the entire axial length of the ramp. 

Near the ramp exit, motion picture smoke-wire flow visual- 
ization showed that axially oriented (streamwise) sinusoidal 
streaklines were located in the near wall region of the turbu- 
lent boundary layer. The sequence of frames showed the 
streaklines transitioning to instability and then breaking up 
into turbulence. The measured period of these sinusoidal 
streaklines was the same as that of the oscillating vane located 
at the inlet to the ramp. The breakup of these streaklines into 
turbulence is particularly significant because evidence of tur- 
bulence generation in the near wall region is an essential link 
in the production/dissipation phenomena characteristic of the 
attached turbulent boundary layer. Blackwelder and 
Swearingen studied the mechanism of the turbulence genera- 
tion produced by the bursting phenomenon. They proposed a 
mechanism for the final step in the series of events that 
collectively represent the bursting phenomenon. The mecha- 
nism includes a consideration of, first, the growth rates of the 
flow disturbances predicted by Michalke’s theory of spatially 
growing disturbances in an inviscid shear layer and, second, 
the instantaneous changes in the measured data velocity pro- 


files which revealed that many inflection points existed in the 
wall region. These inflectional profiles then open the way to 
an inviscid instability that has very large growth rates. They 
found that their data and that in the literature supported the 
conclusion that inflectional profiles are a prevalent and ubiq- 
uitous feature of the wall region of turbulent flow fields and 
that the presence of low-speed streaks of fluid is sufficient to 
guarantee that there are inflectional velocity profiles in the 
spanwise direction and normal to the wall. Based on the 
arguments presented by Blackwelder and Swearingen, 
Michalke’s stability analysis was applied to the sinusoidal 
streakline discussed above. The results of the analysis reason- 
ably predicted the vorticity thickness and time scale of these 
structures. 
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Appendix A 

Analysis: Overview of Bradshaw’s Technique 


As indicated by Peter Bradshaw (ref. 15), large effects are 
exerted on shear flow turbulence by the curvature of the 
streamlines in the mean shear plane. He demonstrates these 
effects by comparing, as a common example, the rate of 
boundary layer growth on a highly cambered airfoil or 
turbomachinery blade with the rate of boundary layer growth, 
in the same pressure gradient, on a flat noncambered surface. 
The comparison reveals that decreases occur in the rate of 
boundary layer growth on the convex upper surface and in- 
creases occur on the concave lower surface of the highly 
cambered blade. A brief overview of his technique follows. 

Concept of Thin Shear Layers 

Bradshaw considers the standard explanation of how flow 
behaves as it passes over a curved surface, expressed math- 
ematically by 


dP pul 

dy~ R 


(Al) 


where P is the surface static pressure, p is the density, Uj is 
the tangential velocity, and R is the radius of curvature. That 
is, centrifugal forces are balanced by pressure forces. He 
presents a different view of this concept by postulating the 
existence of thin shear layers of high-Reynolds-stress fluid 
that can, if large enough, force changes in the mean flow 
motion of bounded shear flows. This concept is based on the 
argument that the production rate of turbulent kinetic energy 
is balanced by its dissipation rate. Applying order of magni- 
tude arguments, augmented by the knowledge of the magni- 
tudes of experimental measurements, he deduces that these 
layers exist and he quantifies and labels them. A brief presen- 
tation of his argument follows. 

In reference 15, Bradshaw begins by considering a flow 
that is subjected to a change in turbulence structure so large 
that the mean pressure gradient changes the mean flow 
motion. This prompts the question, How might this occur? 
He assumes a typical velocity U e and a length scale 5 in the 
general direction of the flow. In general, mean pressure gradi- 
ents in any direction will be of the order 



5 


whereas, according to experiments, Reynolds stresses gradi- 
ents are at most of the order 

0-01pt/ g 2 

5 

Therefore, Reynolds stress gradients will affect the mean 
motion if they are of the same order as pressure gradients only 
if Reynolds stresses change significantly over distances of the 
order 0.015. 

Bradshaw points out that an examination of the Reynolds 
stress transport equations shows that the Reynolds stresses are 
unlikely to change so rapidly with distance along a mean 
streamline. Thus, he makes the argument that Reynolds stress 
gradients will significantly affect the mean motion only if 
they change significantly in a distance of the order 0.015, 
which is more or less normal to the mean streamline. This 
change requires the existence of thin sheets or slender tubes of 
high Reynolds stress. 

Bradshaw begins a proof of this argument by observing that 
the only general mechanism by which such layers can main- 
tain themselves is through the extraction of energy from the 
mean flow by the working of a mean rate of strain against the 
Reynolds stresses, 


— dU 


where -uv is the Reynolds shear stress. Therefore, the rate of 
dissipation (e = (U 2 ) 3I2 IL\) of turbulent kinetic energy per 
unit volume in a sheet or tube of width 0.015 and carrying 
Reynolds stresses of the order of 0.01 U 2 will be of the order 
(0.01 U 2 ) 3/2 /0.0\S. 

If an approximately equal rate of turbulent kinetic energy 
production is to be maintained, the rate of strain acting on 
Reynolds stresses of the order 0.0 \U 2 must be of the order 
10 Ug/S. 

Further, he notes that rates of normal (tensile or compres- 
sive) strain cannot for long exceed UJS without causing 
velocity changes of greater order than U e . Thus, a rate of 
shear strain of order 10 U^S must exist in the sheet or tube, 
which must therefore be a shear layer with a velocity change 
of order U e in a transverse distance of the order of 0.15 or a 
smaller velocity change across an even thinner layer, possibly 
of the order of 0.015. Thus, the original argument is proven; 
that is, thin sheets or slender tubes of high Reynolds stress 
exist. 
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Enhanced Additional Strain Rate Produced by Streamline 
Curvature 


Classification of Thin Shear Layers: Turbulence Genera- 
tion and F-Factor. 


Bradshaw points out that experimental results show that, in 
turbulent flow, the effects of curvature on the skin friction 
coefficient are roughly 10 times greater than those predicted 
for low-speed attached flow, which includes the effects of 
curvature. He concludes that, evidently, streamline curvature 
changes the Reynolds stresses of turbulent flow by 10 times 
as much as it changes viscous stresses. Bradshaw uses linear- 
ized formulas, and points out that at present little can be said 
about higher-order formulas. The particular way that he in- 
cludes the effects produced by streamline curvature is through 
inclusion of an enhanced additional strain rate produced by 
the curvature in addition to the simple shear layer mean flow 
strain rate dU/dy. 

As an example, Bradshaw chooses the case of a thin shear 
layer in which shear stress is theoretically predicted by eddy 
viscosity /J. formulas of the type 

Shear stress = // (Rate of shear strain) 

The effect of adding a simple extra rate of strain such as dv/dx 
increases the shear stress by the factor 

1 + dv/dx 
+ dU/dy 

Because experimental evidence suggests that the real factor of 
increase after a prolonged region of streamline curvature is 
much larger, he modifies the additional strain rate by an order 
of 10. Thus the modified factor becomes 


Bradshaw notes it is helpful to regard the flows as perturba- 
tions of simple shear layers rather than as completely new 
flows. He defines a simple shear layer as one in which the 
simple shear dU/dy is so much larger than any other rate of 
strain that the direct effect of the extra rates of strain on the 
turbulence is negligible. 

Several other classifications of shear layers including thin 
shear layer, fairly thin shear layer, and strong distortions are 
included in Bradshaw’s complete characterization and are 
presented in the following table. He points out that Reynolds 
stress gradients over thin layers strong enough to effect the 
mean pressure gradient of a shear layer only occur in what he 
classifies as a “fairly thin shear layer.” 


TABLE OF SHEAR LAYER CLASSIFICATIONS 


Simple shear layer, ^U^y » a 10e b 

e does not affect turbulence. 

Thin shear layer, dU/dy » e 

e does not affect mean flow 
equations. 

Fairly thin shear layer, dU/dy > lOe 

Reynolds-stress gradients are 
significant. 

Strong distortion, dU/dy < lOe 

Reynolds-stress gradients are 
locally insignificant. 


a The sign » can be read as a factor of inequality of 100. 
b The term e is any one of the relevant extra strain rates. 


Thus he notes that the change in Reynolds stress required 
to ultimately effect changes in the mean flow motion is what 
would be predicted by a typical turbulence model if the turbu- 
lence generation rate terms had changed by a factor 


/ 

1 + 10 

V 


dv/dx 

dU/dy 


\ 

) 


where ( dv/dx)/ {dU/dy ) is assumed to be small. 

He indicates also that dvJdx is only one of a number of extra 
rates of strain that, when applied to an initially simple shear 
layer, have produced effects on Reynolds stress that are large 
compared with the explicit effects of the extra terms that 
appear in the equations of motion. He notes that it almost 
seems to be a universal law that if a small extra rate of strain e 
is added to a simple shear dU/dy , the Reynolds shear stress 
eventually changes by a factor of the order 


1 ± 10 


e 

dU/dy 


where the number 10 is not to be taken as a universal constant. 


F = l + a 


e 

dU/dy 


(A2) 


where a varies from case to case but is always of the order of 
10, and e is small. He defines a rate of strain e as being small 
if el(d\J/dy) is numerically less than 0.05. If a = 10, F is 
between 0.5 and 1.5, which are likely to be the largest depar- 
tures from unity that a linear correction factor like F can be 
trusted. 

Law Of Wall and Its Application To Flat Surface: Simple 
Shear Layer 

The law of the wall as it is normally presented for flow over 
a flat surface {Re -> °°) is expressed as 


M + =-ln/+5 

k 


(A3) 
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It applies strictly to the case of a simple shear layer in which 
the local equilibrium approximation is assumed to apply to 
the turbulent kinetic energy equation in the inner layer, but 
outside of the viscous sublayer. 

The derivation of equation (A3) is based on the assumption 
that the turbulent kinetic energy production rate equals the 
inviscid kinetic energy dissipation rate, abbreviated as 


Production --uv 



= Dissipation = £ = 


( —\ yl 

H v ) 

h 


(A4) 


where L\ is the dissipation length parameter and is normally 
taken as equal to ky\ -uv may be approximated by the friction 
velocity squared u? for a constant stress layer. Substituting 
for L\ in equation (A4) and simplifying results in 


— du 

~ UV dy 


— v3/2 


1 -ha 


du 

dy , 


-dU 

: -MV /* = 1 

dy J A 


(A7) 


where /* = 1 + a[e/(dU/dy)], L\ is the dissipation length 
parameter (mixing length), and a is of the order of 1.0. 

However, experimental measurements of the effects of ex- 
tra strain rate imply 



/ — \3/2 
(- MV ) 


(A8) 


where F = 1 + a[e/(dU/dy)] and a is of the order of 10.0. 
Therefore, the ratio of these two equations is 


iL = _L 

/* 


(A9) 


/ — xl/2 

dU 

dy ky 


(A5) 


Because -uv may be approximated by setting —uv = u~ for a 
constant stress layer, equation (A5) becomes 


dU_ _ u T 
dy ky 


(A6) 


Letting y = (y + v)lk , U = u + u T , and integrating equation (A6) 
results in equation (A3). Thus equation (A3) strictly applies to 
the case of flow passing over a flat surface and would not be 
expected to predict boundary layer velocity profiles for cases 
in which the surface has a significant degree of curvature, as 
in the present case of the 20° rearward facing ramp. Specifi- 
cally, the entrance to the ramp from a flat surface consists of a 
cylindrical transition section having a radius of curvature of 
3.8 cm followed by a 20° (from horizontal) flat surface ramp 
that leads to a second cylindrical transition section, which 
directs the flow to the wind tunnel floor. 

To consider the case in which the local-equilibrium ap- 
proximation may not be assumed to apply, Bradshaw presents 
the following argument. 


Because a is an order of magnitude larger than a , equa- 
tion (A9) may be simplified to 


/ \ 



1 + a 


e 

du 


V'dy ) 


(A10) 


Bradshaw indicates that since a decision has been made to 
apply the F-factor to the dissipation length parameter, which 
implies a nonequilibrium region, rather than to the mixing 
length L\, it is no longer necessary to make the local-equilib- 
rium approximation. Therefore, the F-factor can be applied to 
Lq or to any other length scale appearing in a transport equa- 
tion calculation method. Thus, the F-factor may be thought of 
as a measure of the state-of-the-flow variation from local- 
equilibrium. 

Substituting for F in equation (A8) results in 


— du 

~ UV dy 


1 + 


ae 

dU 

dy 




MV 




(All) 


Application of F-Factor 

Bradshaw considers a typical turbulence model for the case 
of a simple shear layer subjected to a small extra rate of strain. 
From the turbulent kinetic energy equation. 

Production rate = Dissipation rate 
or 


where, in the inner layer of a simple shear layer but outside 
the viscous sublayer, Lo = ky and k = 0.41. Simplifying, 


du 


+ ae 

dy 


( —\ m 


(A12) 
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If we assume a constant-stress layer with -uv = and e is 
independent of y, integrating and simplifying yield 

IUI to M + f!2fc_£E + c (A13) 

U r k V U T U T 

where vq = v/u T , and C represents a measure of the change in 
velocity across the viscous sublayer. Or if it is assumed that e 
is a function of y, then 

— = -ln^-— f edy + C (A14) 

u r k v u t Jy 0 


where yo - v/m t . 

When applying equations (A 13) or (A 14) to a specific case 
for evaluation, it is necessary to identify a specific strain rate 
to be substituted for the quantity e. Bradshaw (ref. 15) defines 
an extra strain rate e as any rate-of-strain component other 
than a simple shear dU/dy. He describes and justifies several 
types of extra rates of strain, among which are 


(a) thin curved shear layer 

(b) a longitudinal extension 
or 

a normal divergence 


e = dV/dx 
e = dU/dx 

e = dVldy 
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Appendix B 

Brief Discussion of Black welder and Swearingen’s Study of Oscillation Stage of 

Bursting Phenomenon 


Blackwelder and Swearingen (ref. 27) examined the oscil- 
lation stage of the bursting phenomenon for the purpose of 
suggesting a mechanism by which it occurs. Their proposal 
considers first the growth rates of the flow disturbances pre- 
dicted by several stability theories including Michalke’s spa- 
tially growing disturbances in an inviscid free shear layer (ref. 
8), Gortler’s secondary instability of a laminar boundary layer 
(ref. 32), and the linear instability, which predicts the amplifi- 
cation rate of the so-called Tollmien-Schlichting waves. Sec- 
ond, Blackwelder and Swearingen consider the instantaneous 
changes in the velocity profiles of measured data. These 
changes revealed that many inflection points existed in the 
wall region. The existence of these points implies the pres- 
ence of inviscid instabilities that have very large growth rates. 
The growth rate of the flow disturbances predicted by both 
boundary layer flow theories (i.e., Gortler’ s and the linear 
instability) revealed that they are at least an order of magni- 
tude less than that predicted by the free shear layer, inflec- 
tional profile, instability theory of Michalke. 

Reference 27 points out that Gortler’s linear theory only 
describes the initial growth of a small disturbance on a con- 
cave wall; it cannot predict the later growth stages and break- 
down of the perturbation. Reference 27 continues the discussion 
by referring to a Bippes’ (ref. 29) visualization study of the 
vortices on a curved plate. This study indicated that after a 
limited region of linear growth, the flow field developed a 
strong oscillatory motion before breaking down into turbu- 
lence. Because like observations have been made in the wall 
region of turbulent flow, Swearingen and Blackwelder (ref. 
35) performed an experiment similar to that of Bippes to 
study this phenomenon and to measure the velocity compo- 
nents in more detail. A boundary layer was developed on a 
concave wall having a large radius of curvature. Rakes of hot 
wires were aligned to measure instantaneously the spanwise 
and axial velocity profiles. 

Swearingen and Blackwelder made several observations 
from their experimental results that are important for a greater 
understanding of these types of flows. The first indicates that 
the initial Gortler instability produces counter-rotating 
streamwise vortices with two vortices per spanwise wave- 
length. They noted that the strength of these coherent vortices 
is quite small. This observation is based on the assumption of 
a mean parallel flow U(y) with a disturbance field such that 
the total velocity is given by 

H = U + u' (Bl) 


v' 

V ~ Re 

(B2) 

II 

(B3) 


Substituting these velocity components in the formation of 
their corresponding vorticity components indicated that the 
streamwise vorticity co x was smaller than both C0y and co z by 
Re~ l . Therefore, although the flow field is generally described 
as a laminar boundary layer with embedded growing stream- 
wise vortices, it contains only small amounts of streamwise 
vorticity. As a consequence, the phase of the coherent struc- 
tures is a much more important indicator of their presence 
than is the amplitude of their velocity or vorticity. This result 
indicates that the detection of coherent structures should not 
be based on amplitude alone. The reason the co x vortices are 
so effective in controlling the behavior of the flow is that they 
exist in a region of strong mean shear dU/dy\ therefore, a very 
small co x rotation can produce large disturbances across the 
span. A second observation concerns a unique aspect of the 
Gortler instability: it creates inflectional velocity profiles in a 
flow field in which there were none before the disturbance 
began to grow. These inflectional profiles then open the way 
to an inviscid instability, which has growth rates an order of 
magnitude greater than the Gortler instability or the Tollmien- 
Schlichting waves. Their third observation was that the theo- 
retical wavelength of the amplified oscillation associated with 
these inflectional velocity profiles was predicted by Michalke’s 
stability theory. 

After examining the flow in the Gortler case, Blackwelder 
and Swearingen consider the wall region of a bounded turbu- 
lent shear flow. They note that such a flow is dominated by 
the bursting process and is composed of a series of events 
similar to those described for the Gortler problem; namely, 
there are streamwise vortices, elongated regions of low-speed 
fluid (low-speed streaks), liftup and oscillation of these streaks, 
and a rapid disintegration of the coherent motion followed by 
strong mixing. They note, however, that the role of the 
streamwise vortices in the turbulent flow is not as clear as it is 
in the Gortler case. In fact, no generally accepted definition of 
such vortices is found in the literature. Reference 27 then pro- 
ceeds to define such a vortex as one consisting of a coherent 
vortical parcel of fluid such that the instantaneous streamlines 
in the plane perpendicular to the vortex lines are closed. This 
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definition emphasizes the coherent aspects of the motion that 
are associated with its phase and not necessarily with its am- 
plitude. Thus, the definition includes the weak Gortler stream- 
wise vortices, vortex rings, trailing wingtip vortices, etc. but 
not the mean vortex lines in a two-dimensional shear flow. 

Reference 27 indicates that evidence of such vortices in the 
wall region has been assumed by many authors; however, 
very little quantitative data exist to support their existence. 
Most of the data available are visual results such as those of 
Kline et al. (ref. 33) and Smith and Swartz (ref. 36). The 
conditionally averaged data of Blackwelder and Eckelmann 
(ref. 37) and Kim (ref. 38) also support the idea that streamwise 
vortices exist in the wall region. To investigate these turbulent 
boundary layer phenomena in more detail, an experiment was 
performed in which sequential instantaneous velocity profile 
data were obtained in the spanwise and axial directions. These 
data revealed the instantaneous changes in the velocity pro- 
files that showed there were many inflection points in both the 
spanwise and axial velocity profiles in the wall region. 

Although these results implied that the oscillation stage of 
the phenomenon might be explained by Michalke’s analysis 
of spatially growing disturbances in an inviscid shear layer, 
reference 27 indicates that in addition to the inflectional char- 
acter of the velocity profiles, several other conditions must be 
satisfied before Michalke’s analysis can be applied. First, the 
flow should be steady; that is, the changes in time in the mean 
flow, indicated by the lifetime of the low-speed streaks, must 
have a much longer time scale than that of the instability. 
Experiments have indicated that the average lifetime of the 
low-speed streaks should be from 480 (v/w 2 ) to 2580 ( v/m 2 ). 
The time scale of the instability is of the order v/w 2 . Second, 
the site of the instability should be far removed from a solid 
boundary to insure its inviscid character. Huerre (ref. 39) 
showed that the characteristics of instability are hardly altered 
by the presence of a wall, as long as the inflectional region is 
removed at least \.2A from the wall. The third condition that 
must be satisfied to apply the stability criteria concerns the 
dimensionality of the flow field. Reference 27 indicates that 
no theory is presently available to explain how the three 
dimensionality of a flow field affects the instability, but the 
experimental results of Nishioka, Asai, and Iida (ref. 34) 
suggest that the two-dimensional theory is valid in highly 
three-dimensional flow fields; however, the amplification rate 
was reduced below that of the strictly two-dimensional case 
by about 40 percent. This reduction may be due to the spread- 
ing of energy into the third dimension, which is not accounted 
for in the two-dimensional theory. Even with this reduction, 
the amplification rate is still very large. More recently, Reed 
and Haynes (ref. 40) indicated that inviscid stability criteria 
were successfully used in fully three-dimensional flows along 
with e N methods to accurately predict the location of transi- 
tion. Reference 27 indicates that the first two conditions were 
satisfied in their experiment and the third was conditionally 
satisfied, based on the experimental results of reference 34. 


Blackwelder and Swearingen (ref. 27) applied Michalke’s 
stability theory to predict the wavelength of the amplified 
oscillation. They reasoned that if the inflectional profiles were 
indeed unstable, then one should be able to predict the wave- 
length of the amplified oscillation. Michalke’s results suggest 
that the wavelength A, for the most amplified unstable distur- 
bance having a wave number djA of 0.40, will be 15.7A 
Close examination of their data indicates that A is roughly 
(10±5)(v/h t ). Thus, the inflectional profiles should produce 
disturbances with wavelengths between 75 and 225 (v/w T ), 
where a^A is 0.40. Reference 27 indicates that data in the 
literature, including that of reference 33, support this conclu- 
sion. Also, they note that one reason there are few data of this 
type is that the oscillations are occurring within a random 
background; thus, they are difficult to distinguish from the 
uncorrelated fluctuations. In addition, because the background 
provides the initial disturbance for the instability and the 
energy of the disturbance can grow by a factor of 1000 while 
traveling one wavelength downstream, an identifiable pertur- 
bation can probably only be observed for one wavelength or 
at most two wavelengths before it is distorted beyond the 
point of recognition. 

In analyzing the bursting phenomenon, Blackwelder and 
Swearingen (ref. 27) view the production of turbulence as an 
instantaneous event related to a particular mechanism (i.e., 
the unstable inflectional velocity profile). Thus, their approach 
is devoid of Reynolds averaging and provides a different 
description of the turbulence production process. They point 
out that in comparison with the Reynolds-averaged equation, 
where the average turbulent kinetic energy is only fed into the 
M-fluctuations and then is redistributed by the pressure into 
the other components, the instantaneous formulation permits 
the turbulent kinetic energy to be fed directly into the w-, v-, 
and w-fluctuations. In addition, they indicate that the differ- 
ence between the two approaches is that the averaged equa- 
tions do not allow for instantaneous variations in the base 
flow (i.e., the mean averaged flow) whereas the instantaneous 
description does. In a mutually complimentary sense, the 
approach taken by Blackwelder and Swearingen is compat- 
ible with the instantaneous capture of events using motion 
picture flow visualization techniques. 

The conclusions of reference 27 are (1 ) the primary result is 
that the inflectional velocity profiles are a prevalent feature of 
the wall region of turbulent flow fields and exist or are present 
everywhere at the same time; (2) the presence of low-speed 
streaks in the wall region is one of the clearest indications of 
the existence of wall eddy structures; (3) the presence of low- 
speed streaks is a sufficient condition to guarantee that inflec- 
tional velocity profiles will be in the spanwise direction be- 
cause U(z) must vary from high to low values about a zero 
mean; (4) the instantaneous data also show that there are 
numerous inflection points in the direction normal to the wall; 
(5) the locii of infection points are important because they 
present a mechanism by which turbulence is produced. 
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